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CONVERSION  FACTORS,  NON- SI  TO  SI  (METRIC) 
UNITS  OF  MEASUREMENT 


NonrSI  units  of  measurement  used  in  this  report  can  be  converted  to  SI 
(metric)  units  as  follows: 


_ Multiply 

Fahrenheit  degrees 
inches 

kips  (force) 

pound  (mass) 
per  cubic  foot 

pounds  (force)  per 
square  inch 


Bv 

5/9 

25.4 

4.448222 

16.01846 

0.006894757 


_ To  Obtain 

Celsius  degrees  or  kelvins* 

millimetres 

kilonewtons 

kilograms  per  cubic  metre 
megapascals 


*  To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  readings, 
use  the  following  formula:  C-(5/9)  (F-32).  To  obtain  kelvin  (K)  readings, 
use:  K-(5/9)  (F-32)  +  273.15. 
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MECHANICAL  PROPERTIES  OF  MASS  CONCRETE  AT  EARLY  AGES 

CHAPTER  I:  INTRODUCTION 
Background 

1.  Two  of  the  three  large  dams  completed  by  the  Corps  of  Engineers  in 
the  last  20  years  have  developed  cracking  which  has  required  costly  repairs 
and,  in  one  case,  caused  serious  leakage.  The  dams  involved,  Dworshak  in 
Idaho,,  and  Richard  B.  Russell  on  the  Georgia -South  Carolina  border,  have 
cracked  in  a  similar  mode.  In  those  monoliths  where  cracking  has  occurred,  a 
vertical  crack  forms  in  the  upstream  face  midway  between  the  monolith  joints 
and,  with  time,  tends  to  propagate  downstream  norma]  to  the  axis  of  the  dam. 

In  May  1980,  when  the  reservoir  at  Russell  Dam  reached  its  full  pool  eleva¬ 
tion,  a  crack  in  one  of  the  monoliths  opened  approximately  2.5  mm  allowing 
flows  of  up  to  29  m3  per  minute  into  the  galleries.  In  addition  to  this  type 
of  cracking,  the  Corps  has  had  repeated  problems  of  cracking  in  concrete  over¬ 
lays  and  other  structural  elements  of  any  significant  size  [1], 

2.  A  three-dimensional  finite-element  model  for  concrete  which  includes 
material  aging,  creep,  shrinkage,  and  thermal  effects  has  recently  been  devel¬ 
oped  for  the  Corps  by  Anatech  International  Corporation  working  under  contract 
for  the  Waterways  Experiment  Station.  Through  the  use  of  this  model  in  a 
proven  general-purpose  finite-element  code  it  has  been  possible  for  engineers 
to  determine  the  concrete  mixture  proportions  and  construction  procedures 
which  will  yield  the  most  cost-effective,  safe,  and  serviceable  structure  for 
a  given  application  [2). 

3.  Recent  analytical  and  experimental  studies  performed  in  the  Concrete 
Technology  Division  (CTD)  have  generated  considerable  interest  in  the  thermal 
stresses  and  related  phenomena  which  occur  at  very  early  ages  of  concrete 
placed  in  mass  structures.  These  studies  have  shown  that  an  accurate  determi¬ 
nation  of  concrete  material  properties  at  early  ages  (especially  time  of  set¬ 
ting  through  3  days)  is  essential  in  performing  an  accurate  analytical 
prediction  of  thermal  stresses  and  related  cracking  in  a  mass  concrete  struc¬ 
ture.  A  series  of  early- time  material  properties  tests  was  performed  on  mass 
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concrete  mixtures  to  be  used  in  the  construction  of  locks  and  dams.  The 
results  of  this  investigation  and  an  analysis  are  reported  herein. 

Literature  Review 


4.  The  ancient  Egyptians,  Greeks,  and  Romans  were  among  the  first  peo¬ 
ple  to  use  concrete  as  a  building  material.  The  cracking  associated  with 
concrete  has  been  a  major  problem  since  that  time  [3].  As  mentioned  earlier, 
the  cracking  of  mass  concrete  structures  has  generated  a  great  deal  of  inter¬ 
est  and  concern  within  the  US  Army  Corps  of  Engineers. 

5.  Given  the  experiences  with  Dworshak  and  Russell  Dams,  an  important 
question  must  be  raised  of  why  significant  cracking  occurred  in  two  struc¬ 
tures  designed  with  verified  computer  programs  using  well-established  proce¬ 
dures.  It  should  also  be  noted  that  this  cracking  occurred,  in  some 
instances,  before  any  water  was  impounded  behind  the  dam.  This  observation 
rules  out  hydrostatic  loading  as  the  cause  of  the  cracks,  and  lends  credibil¬ 
ity  to  the  idea  that  the  cracks  were  due  to  excessive  thermal  strains.  These 
considerations  led  to  a  conclusion  that  the  theoretical  and  computational 
methods  used  in  the  analysis  and  design  of  mass  concrete  structures  should  be 
modified  or  developed  to  deal  with  cracking  problems.  Material  properties 
test  methods  should  also  be  developed  to  provide  data  consistent  with  the 
requirements  set  forth  by  the  computational  procedures  [1], 

6.  The  majority  of  research  in  the  area  of  concrete  cracking  has  been 
and  is  concerned  with  materials  that  have  attained  a  steady-state  condition 
with  regard  to  material  properties  as  a  function  of  time  and  temperature  [1], 
This  steady  state  condition  occurs  in  most  concretes  at  later  ages.  Due  to 
this  fact,  there  are  very  few  data  available  on  concrete  material  properties 
during  the  time  that  concrete  is  undergoing  the  greatest  amount  of  thermal 
activity  and  physical  change  (i.e.  early  ages,  less  than  3  days)  [2]. 

7.  Mass  concrete  structures  are  constructed  incrementally  in  layers 
commonly  called  lifts.  Lift  heights  and  sequencing  are  controlled  by  thermal 
stress  considerations,  concrete  batch  plant  capacity,  and  structural  geometry. 
Careful  consideration  given  to  preventing  construction-related  cracking  in  the 
specif ication-writing  phase  of  a  construction  project  leads  to  a  more  durable, 
cost-effective  structure.  Incremental -construction  analyses  have  shown  that 
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the  cost  of  materials,  heat  generation  and  associated  thermal  stresses,  and 
cost  of  construction  can  be  reduced  through  the  use  of  higher  proportions  of 
fly  ash  in  the  concrete  mixtures  [4] . 

8.  The  rate  of  gain  of  compressive  strength  and  elastic  modulus,  espe¬ 
cially  in  the  first  few  days  after  placement,  are  critical  parameters  in  pre¬ 
dicting  construction-related  cracking  in  mass  concrete  structures.  In 
addition,  the  removal  and  anchorage  of  formwork  depend  upon  the  early- time 
strength  gain  characteristics  of  the  concrete  mixture  [5]. 

9.  It  should  be  noted  that  in  a  thermal-stress  analysis  of  a  mass  con¬ 
crete  structure  the  creep,  shrinkage,  and  thermal  strains  are  of  tnc  same 
order  of  magnitude  as  the  elastic  strains.  Therefore,  the  accurate  character- 
ization,  modeling,  and  prediction  of  these  material  properties  are  of  the 
greatest  importance  in  the  analysis  of  a  mass  concrete  structure  (3). 

Objective 

10.  The  objective  of  this  investigation  was  to  determine  the 
characteristics  of  compressive  strength.  Young's  modulus  of  elasticity,  and 
creep  at  very  early  ages  in  concrete.  The  impact  of  these  parameters  on  the 
constitutive  models  used  in  the  solution  of  increments.5, -construction  thermal 
stress  analysis  problems  will  be  evaluated.  While  a  significant  data  base 
exists  for  the  material  properties  of  mass  concrete  at  later  times  or  ages, 
very  few  data  exist  for  the  early- time  material  properties  of  mass  concrete. 
Therefore,  this  investigation  makes  a  significant  contribution  to  the  existing 
data  base. 


Scope 

11.  Due  to  the  significant  changes  occurring  in  concrete  at  ages  under 
48  hours,  tests  were  conducted  to  determine  creep  response,  compressive 
strength,  and  elastic  modulus  for  ages  of  loading  from  18  hours  through  sev¬ 
eral  days.  Techniques  and  equipment  for  performing  these  tests  were  adapted 
to  measure  the  low  loads  and  large  deformations  observed  in  concrete  loaded  at 
very  early  ages.  The  characteristics  of  creep,  strength  gain,  and  modulus 
gain  at  very  early  ages  must  be  clearly  understood  in  order  to  accurately 
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predict  thermal  stresses  and  related  cracking  in  mass  concrete  structures.. 
Tests  conducted  at  WES  have  shown  that  the  measurement  of  creep  in  concrete  at 
very  early  p^es  is  a  difficult  and  complex  task,  because  the  specimen  creeps 
during  the  time  required  for  application  of  the  load.  This  makes  the  separa¬ 
tion  of  the  elastic  strain  from  the  creep  strain  quite  difficult. 

12.  The  data  obtained  from  the  early- time  material  properties  tests 
will  be  used  to  evaluate  three  viscoelastic  models.  These  models  are  the 
American  Concrete  Institute  (ACI)  creep  equation,  the  WES  Time -Dependent  Mate¬ 
rial  Properties  Model  (UMAT)  creep  equation,  and  the  Bazant  Sinh-Double  Power 
Law  (SDPL)  creep  formulation. 
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CHAPTER  II :  CONCRETE  MATERIAL  PROPERTIES 


General 


13.  To  properly  address  the  properties  of  mass  concrete  at  early  ages, 
it  is  necessary  to  understand  the  general  physical,  thermal,  and  mechanical 
properties  of  concrete  at  all  ages.  An  extensive  database  currently  exists 
which  addresses  these  issues.  A  number  of  rational  and  consistent  constitu¬ 
tive  models  currently  exist  which  can  accurately  predict  the  response  of  con¬ 
crete  subjected  to  various  loading  conditions.  This  chapter  will  present  an 
overview  of  the  properties  of  concrete. 


Physical  and  Thermal  Properties 


14.  The  physical  and  thermal  properties  of  concrete  are  highly  depen¬ 
dent  on  the  types  and  relative  proportions  of  the  materials  used  in  producing 
a  given  concrete  mixture.  These  properties  undergo  significant  changes  during 
the  first  48  to  72  hours  after  concrete  is  placed.  General  characteristics  of 
the  physical  and  thermal  properties  relevant  to  this  investigation  are  briefly 
described  below. 

a.  Density  or  Unit  Weight.  The  density  of  mass  concrete  is  approx¬ 
imately  the  same  as  that  of  conventional  concrete.  The  density 
of  concrete  is  a  relatively  stable  property  and  does  not 
undergo  significant  changes  at  early  times.  The  density  of 
concrete  is  primarily  used  in  calculating  loads  from  construc¬ 
tion  and  service  environments . 

b.  Porosity.  The  porosity  of  concrete  is  a  critical  property  that 
must  be  accounted  for  in  order  to  understand  moisture  migration 
during  and  after  concrete  hardening.  Many  of  the  theories 
concerning  the  mechanism  of  creep  in  concrete  address  the  mat¬ 
ter  as  a  function  of  moisture  migration  as  a  result  of  loading. 

c.  Moisture  Content.  As  stated  above,  moisture  migration  is 
believed  to  be  one  of  the  mechanisms  which  cause  concrete  to 
deform  under  sustained  loads,  i.e.  to  creep. 

d.  Adiabatic  Temperature  Rise.  Deep  within  the  interior  of  a  mass 
concrete  structure  an  adiabatic  condition  is  approached.  Dur¬ 
ing  the  hydration  of  cement  a  great  deal  of  heat  can  be 
generated.  The  models  used  in  predicting  temperature 
distributions  within  mass  concrete  structures  use  the  adiabatic 
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temperature  rise  as  the  driving  function,  for  making 
predictions . 

e.  Thermal  Coefficient  of  Expansion,  Thermal  Conductivity,  Thermal 
Diffusivity,  and  Specific  Heat.  These  properties  have  a  sig¬ 
nificant  indirect  effect  on  concrete  volume  change. 


Mechanical  Properties 


15.  The  mechanical  properties  of  concrete  at  very  early  ages  vary  sig¬ 
nificantly  from  the  properties  of  mature  concrete.  The  concrete  properties 
such  as  stress-strain  behavior,  unconfined  uniaxial  compressive  strength, 
modulus  of  elasticity,  tensile  strength,  creep  and  stress  relaxation,  shrink¬ 
age,  contraction  and  expansion  expressed  as  functions  of  time,  are  used  in  the 
analysis  and  design  of  mass  concrete  structures.  A  brief  description  of  these 
properties  is  presented  below: 

a.  Stress-strain  Behavior  in  Uniaxial  Compression.  The  shape  of 
the  stress -strain  curve  for  concrete  changes  dramatically 
within  the  first  few  days  after  concrete  is  placed.  During 
early  times  the  ascending  portion  of  the  curve  is  less  linear 
and  much  flatter  than  for  mature  concrete.  A  great  deal  of 
this  can  be  contributed  to  creep  and  other  forms  of  non-linear 
behavior  during  loading. 

b.  Unconfined  Compressive  Strength.  Many  factors  influence  the 
strength  of  concrete.  Some  of  the  main  factors  include: 
water-cement  ratio,  degree  of  compaction,  temperature,  and  age. 
In  this  thesis  the  influence  of  age  on  strength  will  be  one  of 
the  main  points  of  emphasis,  with  early  times  being  the  period 
of  primary  interest. 

c.  Modulus  of  Elasticity.  The  values  of  the  Young's  modulus  of 
elasticity  for  concrete  at  early  ages  are  vastly  different  from 
that  of  mature  concrete.  It  is  also  important  to  note  that  the 
modulus  of  elasticity  for  concrete  at  early  ages  is  increasing 
at  a  substantial  rate. 

d.  Tensile  Strength.  The  tensile  strength  of  concrete  varies  with 
age  just  as  the  compressive  strength  varies  with  age.  The 
tensile  strength  of  concrete  is  normally  estimated  to  be  10  % 
of  the  compressive  strength  at  the  same  age.  Further  investi¬ 
gation  into  this  area  is  needed,  but  was  outside  the  scope  of 
this  research  effort. 

e.  Creep.  The  time -dependent  deformation  of  hardened  concrete 
subjected  to  a  sustained  load  is  defined  as  creep.  This 
increase  is  obtained  by  subtracting  from  the  strain  in  a  loaded 
specimen  the  sum  of  the  elastic  strain  due  to  applied  stress, 
the  shrinkage  and  thermal  strain  in  an  identical  load  free 
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specimen.  Creep  is  particularly  related  to  strength,  elastic 
modulus,  and  age  at  loading.  The  primary  effect  of  this  phe¬ 
nomena  is,  in  general,  the  relief  of  stress  due  to  shrinkage, 
contraction,  or  expansion.  This  property  of  concrete  varies 
greatly  with  age  and  is  associated  with  moisture  migration  and 
other  viscoelastic  behavior. 

f.  Shrinkage.  The  time -dependent  decrease  of  concrete  volume  due 
to  loss  of  moisture  is  shrinkage.  These  changes  in  volume 
occur  without  stress  attributable  to  actions  external  to  the 
concrete.  A  detailed  study  of  these  phenomena  was  outside  the 
scope  of  this  investigation. 

g.  Contraction  and  Expansion.  Contraction  or  expansion  is  the 
algebraic  stun  of  concrete  volume  changes  occurring  as  the 
result  of  thermal  variations  caused  by  heat  of  hydration  of 
cement  or  by  changes  in  the  ambient  temperature.  A  detailed 
study  of  these  phenomena  was  also  outside  the  scope  of  this 
investigation. 
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CHAPTER  III:  CONCRETE  MODELS 


General 


16.  Constitutive  modeis  are  used  to  relate  states  of  stress  to  associ¬ 
ated  states  of  strain.  This  is  a  very  general  definition  of  the  term  "consti¬ 
tutive  model" .  For  the  purposes  of  this  report  only  constitutive  models  capa¬ 
ble  of  predicting  time -dependent  behavior  will  be  discussed.  Time-insensitive 
models  based  on  elasticity  and  plasticity  will  not  be  discussed.  Two  common 
simple  models  used  to  predict  the  relationship  between  strength  and  elastic 
modulus  as  it  changes  with  time,  along,  with  more  sophisticated  models  for 
predicting  creep,  will  be  discussed  in  this  section. 

Strength  and  Modulus  Equations 

17.  Compressive  strength  and  elastic  modulus  are  roughly  linear  over 
the  period  from  time  of  final  setting  to  14  days  when  plotted  against  the 
logarithm  of  time.  Therefore,  equations  of  the  form 

fc(t)  =a0+axlog(t) 


and 


E(  t)  =b0+bx log(fc) 


will  be  used  to  predict  Young's  elastic  modulus  (E)  and  compressive  strength 
(fc)  as  functions  of  time,  where  a0,  a1(  b0  and  bx  are  constants  determined  in 
a  least-squares  curve  fit  of  test  data. 

18.  The  static  modulus  of  elasticity  (secant  modulus)  is  the  linearized 
instantaneous  (1  to  5  minutes)  stress-strain  relationship.  It  is  a  time- 
dependent  concrete  material  property.  The  ACI  Building  Code  318-90  gives  the 
following  equation  for  the  static  modulus  of  elasticity  (in  psi)  of  concrete: 

Ect= 57000j(f'c)c 
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where  (f'c)t  is  the  compressive  strength  in  psi  at  time  t  [6]. 


Theory  and  Prediction  of  Creep 

19.  A  number  of  theories  about  creep  have  been  proposed  over  the  years 
but  no  single  theory  is  capable  of  accounting  for  all  the  observed  phenomena. 
An  understanding  of  the  mechanism  of  creep  is  important  in  understanding  the 
theories  that  have  been  applied  to  predicting  creep  response  of  concrete. 
According  to  ACI  Committee  209,  the  main  mechanisms  which  describe  creep  are: 

a.  Viscous  flow  of  the  cement  paste  caused  by  sliding  or  shear  of 
the  gel  particles  lubricated  by  layers  of  adsorbed  water. 

b.  Consolidation  due  to  seepage  in  the  form  of  adsorbed  water  or 
the  decomposition  of  interlayer  hydrate  water. 

c.  Delayed  .elasticity  due  to  the  cement  paste  acting  as  a 
restraint  on  the  elastic  deformation  of  the  skeleton  formed  by 
the  aggregate  and  gel  particles. 

d.  Permanent  deformation  caused  by  local  fracture  (microcracking 
and  failure)  as  well  as  recrystallization  and  formation  of  new 
physical  bonds  (7). 

20.  A  satisfactory  theory  of  creep  must  explain  in  a  consistent  manner 

the  behavior  of  concrete  under  various  environmental  conditions  and  various 

>■ 

states  of  stress.  With  this  in  mind,  any  theory  for  predicting  the  creep 
characteristics  of  concrete  at  all  ages  must  be  based  on  theoretical  and 
experimental  backgrounds .  The  following  discussion  of  some  current  creep 
models  will  begin  with  simple  rheological  models  and  progress  toward  more 
complicated  viscoelastic  models. 

Rheoldgical  Models 

21.  The  study  of  the  flow  properties  of  a  material,  hence  the  relation- 

J 

ships  between  stresses  and  strains  in  a  very  general  sense  is  rheology.  Theo¬ 
retical  ideal  bodies  with  strictly  defined  properties  are  proposed  and 
combined  to  result  in  a  behavior  similar  to  that  of  real  materials.  The  most 
common  ideal  bodies  used  to  build  up  a  rheological  model  are  an  elastic  spring 
and  a  dashpot.  The  spring  is  used  to  represent  elastic  behavior  and  the  dash- 
pot  is  used  to  represent  viscous  (time -dependent  flow  behavior).  These  basic 
elements  can  be  combined  and  built  into  rheological  models  of  varying 
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complexity.  The  two  basic  models  used  are  the  Kelvin  model  and  the  Maxwell 
model,  shown in  Figure  1.  In  the  Kelvin  model  the  spring  and  the  dashpot  are 
in  parallel  so  that  .they  undergo  the  same  displacement.  This  results  in  the 
total  force  on  the  Kelvin  model  being  the  sum  of  the  forces  on  the  individual 
elements.  In  the  Maxwell  model  the  spring  and  the  dashpot  are  in  series  so 
that  they  take  the  same  load.  This  results  in  the  total  displacement  of  a 
Maxwell  model  being  the  sum  of  the  displacements  of  the  two  elements. 

Kelvin  Model 

22.  Consider  the  Kelvin  model,  when  a  load  is  applied  suddenly,  the 
element  exhibits  no  initial  deformation.  However,  the  deformation  increases 
with  time  exponentially.  Initially,  all  the  load  is  carried  by  the  dashpot 
but  is  transferred  to  the  spring  at  a  decreasing  rate  so  that  at  infinite  time 
the  spring  would  carry  the  entire  load.  Because  of  this,  a  Kelvin  model 
approaches  an  asymptotic  value  equal  to  the  instantaneous  deformation  of  the 
spring  alone,  Pa.  The  equation  of  a  Kelvin  model  is  given  as: 


P= 


—x  +  v- 
a 


ox 

~di 


where  P  is  .the  applied  force,  a  is  the  spring  compliance,  x  is  the  deformation 
of  the  model,  v  is  the  viscosity  of  the  dashpot,  and  ;  is  time.  The  solution 
of  the  Kelvin  model  equation  is  of  the  form: 

-JL 

x=Pa  (1-e  Sl) 


where  tx=(av)  is  equal  to  the  time  in  which  the  ultimate  deformation  would  be 
reached  at  a  constant  rate  of  deformation  jqual  to  the  initial  value.  The 
deformational  response  of  a  Kelvin  model  is  she  -  .  in  Figure  2.  A  Kelvin  model 
is  well-suited  for  problems  involving  delayed  elasticity  and  strain  recovery 
with  some  permanent  deformation. 

Maxwell  Model 

23.  The  characteristics  of  a  Maxwell  model  are  somewhat  different  from 
a  Kelvin  model.  In  a  Maxwell  model,  when  a  load  is  applied,  the  extension  of 
the  spring  is: 
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where  P0  is  the  initial  load.  Fr.-ra  this,  it  can  be  seen  that  the  relaxation 
is  exponential  and  complete  after  an  infinite  time.  The  Maxwell  model  is  very 
useful  in  relaxation  problems. 
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26.  Rheological  models  imply  nothing  about  the  physical  mechanisms 
responsible  for  the  observed  behavior  of  concrete  but  give  an  overall  descrip¬ 
tion  of  the  phenomena  of  deformation.  The  solution  form,-  for  the  rheological 
models  are  the  basic  forms  for  most  creep  models,  and  they  provide  an  excel¬ 
lent  background  for  further  understanding  of  the  more  complicated  viscoelastic 
models  such  as  the  Bazant  creep  formulation,  the  ACI  creep  formulation,  and 
the  WES-UMAT  time -dependent  material  properties  model.  These  models  will  be 
addressed  in  the  next  section. 


Viscoelastic  Creep  Models 

27.  In  the  following  methods  the  specific  creep,  C(t;  -0),  is  defined  as 
the  ratio  of  creep  strain  at  any  age  t,  after  application  of  stress  at  age  t0, 
to  the  applied  stress.  This  is  shown  in  the  following  equation: 

C(  t,  t0)  =-.fg£SE- 

° applied 


Bazant  Sinh-Double  Power  Law 

28.  A  simple  basic  creep  f  “mula  for  concrete  based  on  Sinh-uouble 
Power  Law  (SDPL)  has  been  propose!  by  Bazant,  et  al  [10],  The  formula  is 
designed  to  predict  only  load  induced  creep  and  not  drying  creep  or  shrinkage. 
As  preseiited,  the  formula  allowed  a  good  fit  of  experimental  data  from  the 
literature.  However,  early  time  response  was  not  thoroughly  investigated. 

The  formula  is  presented  below  and  will  be  evaluated  against  early-age  test 
data  in  Chapter  5.  The  SDPL  creep  compliance  (specific  creep)  function 
C(t,t0)  represents-  the  strain  per  unit  stress  at  any  age  t  caused  by  a  uni¬ 
axial  stress  applied  on  concrete  at  ags  t0. 

C(  t,  fc0)  =-^sinh-15 
■“o 
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where : 


i;=i|r1(t0-/n+a)  (t-t0)n 


E0  represents  the  elastic  modulus  at  the  time  of  loading  and  ip0, 

a,  n,  and  m  are  five  constants  determined  from  fits  of  C(t,t0)  to  calibration 

creep  test  data. 

ACT  creep  formula 

29 .  Based  largely  on  experimental  work  on  concretes  at  ages  greater 
than  7  days,  ACI  Committee  209  (7)  recommends  the  following  general  equation 
for  predicting  creep  of  concrete  at  any  time: 


c(t  t  )  "  ( *  C  {t  ) 


where  C(t,t0)  represents  the  strain  per  unit  stress  at  any  age  t  caused  by  a 
uniaxial  stress  applied  on  concrete  at  age  t„  and  Cffl(t0)  is  known  as  the 
ultimate  specific  creep.  A  more  specific  form  of  the  ACI  equation  allows  for 
the  exponent,  ip,  to  be  set  equal  to  0.6  and  is  the  most  widely  used  form  of 
the  equation.  ACI  gives  the  following  procedure  for  estimating  Cra(t0)  from 
specimen  size,  curing  conditions,  and  mixture  properties: 

C„  ( tQ)  =2 . 35X1X2X3X4XSX6 


where  xx,  x2. . .x6  are  constants  calculated  from  the  concrete  mixture  propor¬ 
tions  and  material  properties.  This  type  of  procedure  is  only  necessary  when 
test  data  are  not  available.  For  the  purposes  of  this  report  the  specific 
creep  values  at  the  end  of  the  creep  tests  will  be  used  to  determine  the  ulti¬ 
mate  specific  creep. 

WES  UMAT  time -dependent 
material  properties  model 

30.  A  three-dimensional  finite-element  model  (UMAT)  for  concrete  which 
includes  material  aging,  creep,  shrinkage,  and  thermal  effects  has  recently 
been  developed  for  the  Corps  by  Anatech  International  Corporation  working 
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under  contract  for  the  Waterways  Experiment  Station.  An  equation  of  the  fol¬ 
lowing  series  form  is  used  in  UMAT  to  predict  creep: 


C(t,  t0) 


E(tc) 

E(t0) 


SAi(  i-eri,t"to>) 


where 

C(t,t0)  “  creep  compliance  (specific  creep) 
t0  =  age  of  concrete  at  time  of  loading,  in  days 

t  “  age  of  the  concrete,  in  days 

-m  -  number  of  terms  in  the  series 

Ait  r£  -  experimentally  determined  coefficients 
tc  -  age  of  loading  from  which  equation  coefficients 

are  determined,  usually  3  days 
E(tc)  =  modulus  of  concrete  at  the  calibration  age 

E(t0)  modulus  of  concrete  at  the  age  of  loading 

31.  The  term  E(tc)/E(t0)  is  known  as  the  age  factor.  This  term  is  used 
to  account  for  an  age  of  loading  that  is  different  from  the  age  of  loading 
from  which  the  equation  constants  were  determined  [5] . 
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CHAPTER  IV:  EXPERIMENTAL  PROGRAM 


General 


32.  This  chapter  summarizes  the  equipment,  procedures,  methods,  and 
results  of  the  experimental  phase  of  the  investigation.  Described  below  are 
the  concrete  mixture -prop or tions ,  test-specimen  preparation,  test  devices, 
mechanical  properties  tests,  and  test  results. 

Concrete  Mixture  Proportions 

33.  Two  concrete  mixtures,  typical  for  mass  concrete  applications,  were 
selected  for  this  investigation.  These  concrete  mixtures  are  designated  as 
mixtures  A2  and  All.  Both  mixtures  used  Type  II,  low  alkali  (LA)  Portland 
cement  meeting  ASTM  C  150  and  a  Class  C  fly  ash  meeting  ASTM  C  618  (11  1). 

The  fine  aggregate  was  a  natural  sand  composed  of  blocky,  ellipsoidal,  and 
spherical  particles.  Chert  was  the  primary  constituent  in  sizes  larger  than 
2.36  mm,  with  quartz  predominating  in  the  smaller  sizes.  The  (No.  4  to 
3/4-in.)  coarse-aggregate  was  a  primarily  pale  yellowish-brown  chert  composed 
of  blocky,  pyramidal,  and  tabular  particles  with  rounded  edges  and  corners. 
Quartz  and  other  miscellaneous  particles  made  up  the  remainder  of  the  constit¬ 
uents.  The  (3/4  to  1-1/2-in.*)  coarse -aggregate  was  a  crushed  stone.  It  was 
a  speckled  medium- light- gray ,  medium- to-coarse-grained  igneous  rock  classified 
as  syenite.  Its  composition  and  textural  characteristics  were  similar  to 
those  of  granite.  Physically  the  stone  was  angular  with  rough  surface 
texture . 

34.  The  mixture  proportions  for  one  cubic  yard  of  concrete  are  shown  in 
Table  1  for  both  mixtures,  all  weights  are  based  on  saturated-surface-dry 
aggregate  conditions.  Table  2  summarizes  both  mixture  characteristics  of 
water-cement  ratio  (W/C)  and  fly  ash  to  Portland  cement  proportion  which  were 
calculated  by  converting  the  fly  ash  volume  to  an  equivalent  volume  of  Port¬ 
land  cement. 


*  A  table  of  factors  for  converting  non-SI  units  of  measurement  to  SI 
(metric)  is  presented  in  page  vi. 
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Table  1 

Mixture  Proportions  for  One  Cubic  Yard  of  Concrete 


Mixture 

Units 

A2 

All 

Water 

lb 

190.0 

173.2 

Portland  Cement 

lb 

190.1 

232.0 

Fly  Ash 

lb 

101.7 

124.4 

(3/4-in.)  Coarse  Aggregate 

lb 

964.3 

990.3 

(1  1/2-in.)  Coarse  Aggregate 

lb 

1176.6 

1208.2 

Fine  Aggregate 

lb 

1274.8 

1200.2 

Admixtures 

Air- Entraining 

fl.  oz. 

3.2 

1.8 

Water-Reducing 

fl.  oz. 

0.0 

0.0 

Table  2 

Mixture  Characteristics 


Mixture 

Water-Cement  Ratio 

Fly  Ash 

A2 

0.60 

40  % 

All 

0.45 

40  % 

Test  Specimen  Preparation 

35.  A  10-cubic  foot  concrete  batch  was  prepared  according  to  ASTM  C  192 
for  each  of  the  two  concrete  mixtures.  Tests  were  conducted  on  the  fresh 
concrete  to  determine  slump  (ASTM  C  143),  unit  weight  (ASTM  C  138),  air  con¬ 
tent  (ASTM  C  231),  and  time  of  setting  (TOS)  (ASTM  C  403).  The  results  of  the 
tests  conducted  on  the  fresh  concrete  are  shown  in  Table  3.  Specimens  were 
prepared  according  to  ASTM  C  192  from  both  mixtures  A2  and  All  for  performing 
a  series  of  early-age  material  properties  tests,  which  will  be  described  in 
detail  in  the  next  section.  The  specimens  were  cured,  until  time  of  testing, 
in  a  moist-curing  room  meeting  the  specifications  of  ASTM  C  511  [11  j ] . 
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Table  3 

Results  of  Tests  on  Fresh  Concrete 


Mixture  Slump  Unit  Weight  Air  Content  Time  of 

Designation  in.  lb/ft3  %  Setting,  hours 

A2  ’  2-1/2  142.4  571  11.33 

All  3  143.2  5.2  17.00 


Mechanical  Properties  Tests 


36.  A  series  of  early  age  material  properties  tests  was  conducted  on 
hardened  concrete  specimens  from  both  concrete  mixtures  (A2  and  All) .  Uncon¬ 
fined  compressive  strength  tests,  elastic  modulus  tests,  and  creep  tests  were 
conducted  at  five  ages  of  loading  (18  hours,  1  day,  3  days,  7  days,  and  14 
days) . 

Unconfined  Compression  Tests 

37.  Unconfined  compression  tests  were  conducted  in  accordance  with 

ASTM  C  39  [11  a]  (Appendix  A)  at  the  five  ages  shown  above  to  provide  data  on 

* 

strength  as  a  function  of  time.  The  specimens  tested  were  6  in.  in  diameter 
by  12  in.  in  length.  The  ends  of  the  specimens  tested  at  ages  of  one  day  or 
less  were  capped  with  a  neat-cement  cap,  while  the  specimens  tested  at  ages 
greater  than  one  day  were  capped  with  sulfur  capping  compound.  Capping  of  the 
ends  of  the  specimens  was  necessary  to  provide  plane  and  parallel  loading 
surfaces  in  accordance  with  ASTM  C  39  [11  a].  The  capped  specimens  were 
tested  in  a  440 -kip -capacity  universal  testing  machine  by  applying  a  uniaxial 
compressive  force  at  35  psi/sec  until  the  specimen  failed.  The  maximum 
recorded  applied  force  was  then  divided  by  the  original  cross-sectional  area 
to  determine  the  unconfined  compressive  strength  of  the  specimen.  The  results 
of  the  compressive  strength  tests  are  shown  in  Table  4. 
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Table  4 

Compressive  Strength  Data  for  Mixtures  A2  and  All 


Mixture 

Age  at 
Loading ,  t0 

Compressive  Strength, 
psi 

A2 

18  Hours 

177 

A2 

1  Day 

210 

A2 

3  Days 

499 

A2 

7  Days 

730 

A2 

14  Days 

1010 

All 

18  Hours 

375 

All 

1  Day 

535 

All 

3  Days 

1115 

All 

7  Days 

1705 

All 

14  Days 

2425 

Modulus  of  Elasticity  Tests 

38.  The  modulus  of  elasticity  of  both  mixtures  at  the  various  ages  of 
loading  was  determined  from  the  initial-loading  phase  of  the  creep  tests. 
Although  at  very  early  ages  (three  days  or  less)  the  mixtures  exhibited  lim¬ 
ited  linear-elastic  compressive  behavior,  estimates  of  elastic  modulus  at  very 
early  ages  are  necessary  for  calibrating  the  material  models  to  be  investi¬ 
gated  in  Chapter  5.  Thus,  a  tangent  modulus  was  determined  from  the  stress- 
strain  data  obtained  upon  initial  loading  of  a  compressive  creep  specimen. 

This  initial  loading  phase  of  the  creep  test  was  usually  conducted  in  less 
than  two  minutes  total  elapsed  time ;  however ,  some  creep  occurred  during  the 
initial  loading  phase,  particularly  at  the  earlier  ages  of  loading.  Any 
creep  strains  which  occurred  during  the  initial  loading  phase  were  subtracted 
from  the  elastic  strains  in  calculating  the  elastic  modulus.  The  results  of 
the  elastic  modulus  tests  are  shown  in  Table  5. 
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Table  5 

Modulus  of  Elasticity  Data  for  Mixtures  A2  and  All 


Mixture 

Age  at  Loading, 
to 

Elastic  Modulus 
106  psi 

A2 

18  Hours 

0.35 

A2 

1  Day 

0.42 

A2 

3  Days 

2.03 

A2 

7  Days 

2.58 

A2 

14  Days 

2.97 

All 

18  Hours 

1.05 

All 

1  Day 

1.37 

All 

3  Days 

2.88 

All 

7  Days 

3.82 

All 

14  Days 

4.50 

Compressive  Creep  Tests 

39.  Creep  is  most  simply  defined  as  time -dependent  deformation  induced 
by  sustained  load.  Although  concrete  can  exhibit  changes  in  deformation  with 
no  applied  load  due  to  shrinkage  (both  drying  and  sealed) ,  creep  is  normally 
assumed  to  be  the  deformation  in  excess  of  shrinkage  strains  and  elastic 
strains.  It  is  generally  agreed  that  the  creep  response  of  concrete  is  funda¬ 
mentally  governed  by  the  movement  of  water  under  load  and  its  effect  on  con¬ 
tinued  hydration  and  strength  development. 

40.  Upon  initial  application  of  load  at  time  tc,  the  material  response 
is  primarily  elastic,  but  may  include  a  non-elastic  component.  The  nominal 
elastic  strain  is  governed  by  the  elastic  modulus  at  time  t0.  These  basic 
relationships  are  shown  in  Figure  3.  It  is  common  practice  to  ignore  the 
change  in  elastic  modulus  with  time.  Shrinkage  of  the  creep  specimen  is  mea¬ 
sured  by  monitoring  the  deformation  of  identically  prepared  unloaded  speci¬ 
mens.  Thus,  the  creep  strains  are  calculated  from  the  total  measured  strains 
as  follows: 
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® creep  ® total~^elastic~^ shrinkage 

41.  Using  these  concepts,  creep  tests  were  conducted  according  to 
ASTM  C  512  [11  k]  and  modified  to  include  continuous  data  acquisition  by  com-: 
puter.  The  specimens  tested  were  6  in.  in  diameter  by  16  in.  in  length.  The 
creep  specimens  were  cast  with  the  longitudinal  axis  in  a  horizontal  plane  in 
steel  forms  an A  were  subjected  to  external  vibration  to  provide  adequate  con¬ 
solidation  as  shown  in  Figure  4.  These  forms  accommodated  Carlson  strain 
gages  placed  at  the  center  of  the  specimens  oriented  along  the  longitudinal 
axis  of  the  cylinder  as  shown  in  Figure  5.  A  general  discussion  of  Carlson 
strain  gages  is  presented  in  Appendix  C.  Steel  bearing  plates  were  attached 
to  the  ends  of  the  specimen  by  embedded  mechanical  anchors.  These  plates  pro¬ 
vided  a  smooth  plane  surface  for  applying  the  compressive  force.  A  bituminous 
moisture  barrier  was  applied  to  the  surface  of  the  creep  specimen  immediately 
after  the  forms  were  removed  to  prevent  moisture  from  entering  or  leaving  the 
specimen  as  shown  in  Figure  6. 

42.  The  apparatus  used  to  perform  the  creep  tests  was  a  hydraulic  load¬ 
ing  frame  designed  to  maintain  a  constant  stress  by  means  of  a  gas  pressure 
regulator  in  series  with  a  gas  and  oil  accumulator  and  hydraulic  ram.  The 
desired  applied  stress  was  set  by  means  of  the  gas  pressure  regulator.  The 
test  device  accommodated  two  specimens  loaded  in  series .  For  each  mixture  two 
control  cylinders  were  also  monitored. to  determine  the  strains  not  associated 
with  the  applied  loads  as  shown  in  Figure  7.  Photos  of  a  typical  creep  testing 
device  are  shown  in  Figure  8  and  Figure  9.  The  creep  specimens  were  loaded  to 
40  percent  of  the  unconfined  compressive  strength  at  the  age  of  loading  as 
determined  from  unconfined  compressive  tests  on  companion  6-in  by  12-in  cylin¬ 
ders.  The  applied  stress  was  maintained  until  a  minimum  age  of  28  days  was 
attained  with  the  exception  of  the  7-day  test  on  mixture  All.  That  particular 
test  was  terminated  approximately  7  days  after  loading  due  to  a  malfunction  of 
the  creep  test  device.  The  following  measurements  were  recorded  using  a  digi¬ 
tal  data  acquisition  system: 

a.  Applied  stress,  by  pressure  transducers  located  in  the  gas 
pressure  regulator  output  line; 
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b.  Strain  and  temperature  in  the  loaded  specimen,  by  Carlson 
strain  gages  embedded  in  the  center  of  the  specimen; 

c.  Strain  and  temperature  in  the  control  specimen,  by  Carlson 
strain  gages  embedded  in  the  center  of  the  specimen  and 

d.  Time,  by  an  internal  clock  in  the  computer  data- 
acquisition  unit. 

43.  The  recorded  data  from  the  creep  tests  are  shown  in  Appendix  D. 

The  data  from  the  creep  tests  were  reduced  as  specified  in  ASTM  C  512.  The 
procedure  requires  that  the  strains  which  occur  during  the  initial  loading  and 
the  strains  recorded  by  the  shrinkage  compensation  cylinders  be  subtracted 
from  the  measured  strains.  These  corrected  strains  were  then  divided  by  the 
average  sustained  stress  to  obtain  specific  creep: 

C(t,  ta)  =  tsissp. 

G applied 


These  data  are  shown  in  Figures  10  through  19. 

44.  Several  observations  can  be  made  about  the  creep  data.  The  creep 
strain  per  unit  stress  decreases  with  increasing  age  of  loading.  This 
decrease  of  the  creep  response  is  related  to  the  continuing  increase  in  modu¬ 
lus  of  elasticity  and  strength  due  to  continuing  hydration  of  the  cement.  The 
specimens  loaded  at  very  early  ages  (1  day  or  less)  exhibited  high  levels  of 
creep  very  early  after  the  application  of  the  stress.  It  is  likely  that  this 
is  due  to  the  amount  of  free  water  which  is  able  to  move  throughout  the  matrix 
at  this  early  age. 
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E0  -  E  at  loading  iu 
E(t)=  E  at  time  t  ** 

- - !L 

time 


Figure  3.  Basic  specific  creep  relationships 


Figure  4.  Preparation  of  creep  test  specimens  using  vibratory 
compaction  table 
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Figure  8.  Creep  test  devices  prior  to  loading  of  the  test  specimens 
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Figure  9.  Creep  test  device  complete  with  loaded  creep  cylinders 
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Figure  12.  Specific  creep  versus  time  since  loading  from  3 -day  Cest 
on  mixture  A2 
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Figure  14.  Specific  creep  versus  time  since  loading  from  14-day  test 
on  mixture  A2 
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Figure  15;  Specific  creep  versus  time  since  loading  from  18 -hour  test 
oh  mixture  Ail 
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Figure  16. 


Fime  Since  Loading,  Days 


Specific  creep  versus  time  since  loading  from  1-day 
on  mixture  All 
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Age  at  Loading  =  7  Days 


Figure  18.  Specific  creep  versus  time  since  loading  from  7-day 
on  mixture  All 


CHAPTER  V:  ANALYSIS 


General 


45.  In  this  chapter  the  results  of  the  experimental  program  are  used  to 
calibrate,  verify,  and  evaluate  the  effectiveness  of  currently  used  strength- 
modulus  relationships  and  three  viscoelastic  material  models  for  ^predicting 
mechanical  response  of  concrete  at  early  ages.  After  the  models  were 
selected,  simple  trial  and  error  procedures  were  used  to  calibrate  the  parame¬ 
ters  of  each  model.  The  models  will  be  used  to  predict  mechanical  response  of 
concrete  under  the  test  conditions.  The  predictions  will  be  evaluated  in 
light  of  the  test  data.  A  sign  convention  of  compression  positive  is  used 
throughout  the  analysis. 

Selection  of  Mechanical  Properties  Models 

46.  Two  common  simple  models  used  to  predict  the  strength  and  elastic 
modulus  as  functions  of  time  were  selected  for  comparison  with  early  age 
mechanical  properties  test  data.  These  models  are  based  on  least-squares  fits 
of  test  data  in  a  log-time  domain.  Three  of  the  viscoelastic  concrete  creep 
models  presented  in  Chapter  5  were  selected  for  comparison  with  early  age 
mechanical  properties  test  data.  These  models  are  the  ACI  creep  formula,  the 
WES  UMAT  creep  equation,  and  the  Bazant  Sinh-Double  Power  Law  creep 
formulation. 


Calibration  of  Creep  Model  Parameters 


ACI  creep  equation 

47.  ACI  recommends  the  following  equation  for  predicting  creep  of 
moist-cured  concrete  at  any  time: 


C(fc,  t0)  = 


10+(t-t0)V 


CJ  t0) 
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Where  C(t,tD)  represents  the  specific  creep  at  any  age  t  caused  by  a 
uniaxial  stress  applied  on  concrete  at  age  t0.  ACI  recommends  a  value  of  0.6 
for  the  exponent  ip.  Predictions  were  made  using  the  recommended  value  of 
tJ>=* 0.6  and  with  the  maximum  value  of  \!>= 1.  Co(t0) ,  the  ultimate  specific  creep, 
was  determined  from  the  maximum  specific  creep  value  from  each  age  of  loading 
for  both  mixtures.  These  values  are  shown  in  Table  6. 

Table  6 

ACI  Ultimate  Specific  Creep  for  Mixtures  A2  and, All 


Mixture 

Age  at  Loading, 
t0 

C„(t0) 

A2 

18  Hours 

2.931 

A2 

24  Hours 

2.624 

A2 

3  Days 

0.542 

A2 

7  Days 

0.472 

A2 

14  Days 

0.427 

All 

18  Hours 

1.213 

All 

24  Hours 

0.947 

All 

3  Days 

0.471 

All 

7  Days 

0.276 

All 

14  Days 

0.258 

WES  UMAT  creep  equation 

48 .  An  equation  of  the  following  series  form  is  used  in  UMAT  to  predict 

creep : 


C(  t,  t0)  = 


E(tc) 

EU0) 


2  A£(l-eri(t"t°) 


) 


where : 


C(t,t0)  -  creep  compliance  (specific  creep) 
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t0  =  age  of  concrete  at  time  of  loading,  in  days 

t  =  age  of  the  concrete.,  in  days 

m  -  number  of  terms  in  the  series 

Ai(  rA  -  experimentally  determined  coefficients 
tc  =  age  of  loading  from  which  equation  coefficients  are 

determined 

E(tc)  “modulus  of  concrete  at  the  calibration  age 

E(t0)  =  modulus  of  concrete  at  the  age  of  loading 

Jt9_.  The  coefficients  Ai  and  rj.  were  determined  from  fits  of  the  equa¬ 
tion  to  the  experimental  test  data  at  an  age  of  loading  of  3  days  and  are 
shown  in  Table  7.  From  previous  work  with  this  model  the  3-day  test  has 
proven  to  be  an  effective  calibration  age  for  the  UMAT  equation  [5] .  For  the 
purposes  of  this  investigation  a  three-term  series  will  be  used. 


Table  7 

UMAT  Creep  Equation  Coefficients  for  Mixtures  A2  and  All 


Mixture 

Ai 

A2 

r2 

a3 

A2 

0.1989 

-0.0764 

0.1487 

-0.8831 

0.2166 

r 1.300 

All 

0.1308 

-0.0589 

0.1965 

-0.1892 

0.1656 

-1.766 

Bazant  Sinh-Double  Power  Law  (SDPL) 

50.  The  Bazant  SDPL  specific  creep  function  C(t,t0)  represents  the 
strain  per  unit  stress  at  any  age  t  caused  by  a  uniaxial  stress  applied  on 
concrete  at  age  t0. 

C(  t,  t0)  =l2sinh-^ 

ho 
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where : 


5=i}r1(  t0'ffl+cc)  (t-t0)n 


E0  represents  the  elastic  modulus  at  the  time  of  loading  and  rpot  rf>lt  a,  n, 
and  m  are  five  constants  determined  from  trial-and-error  fits  of  C(t,t0)  to 
calibration  test  data.  Bazant  suggests  that  the  parameter  $1  be  set  equal  to 
1  in  order  to  reduce  the  number  of  constants  to  four.  Acceptable  results 
were  produced  using  this  suggestion  in  the  initial  presentation  of  the  SDPL. 
To  provide  an  effective  comparison  with  the  UMAT  equation,  3-day  test  data 
were  also  used  to  obtain  the  calibration  values  for  the  SDPL  equation  con¬ 
stants.  The  final  values  for  these  constants  are  shown  in  Table  8. 

Table  8 

SDPL  Creep  Constants  for  Mixtures  A2  and  All 


Mixture 

a 

n 

m 

A2 

0.9 

1 

0.027 

0.194 

0.21 

All 

1.1 

1 

0.020 

0.194 

0.20 

Discussion 

of  Test 

Data  and 

Models 

51.  In  the  following  sections  a  discussion  of  the  test  results  and 
their  comparison  with  model  predictions  will  be  presented.  As  with  the  previ¬ 
ous  data  presentations,  a  sign  convention  of  compression  positive  will  be 
used. 

Compressive  strength 
and  modulus  of  elasticity 

52.  For  each  concrete  mixture,  two  plots  are  shown:  compressive 
strength  versus  the  logarithm  of  time  (in  days)  and  modulus  of  elasticity 
versus  the  logarithm  of  time.  These  plots  are  shown  in  Figures  20  through  23. 
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53.  Compressive  strength  and  modulus  of  elasticity  are  roughly  linear 
over  the  period  from  time  of  final  setting  to  14  days  when  plotted  against  the 
logarithm  of  time.  Therefore,  on  each  plot,  equations  of  the  form 

fc(t)  sao+ailogCt) 


and 


E(t)  =jb0+i?1log(t) 


have  been  fit  to  the  data  using  the  method  of  least  squares  where  strength  is 
calculated  in  psi  and  modulus  is  calculated  in  psi  X  106  ,  while  a0,  alf  b0  and 
bx  are  constants  determined  in  the  least-squares  curve  fit.  The  results  of 
the  least  squares  fits  are  shown  on  each  plot  and  in  Table  9. 


Table  9 

Strength  and  Modulus  Equation  Constants 


Mixture 

ao 

ai 

b0 

A2 

219.3 

551.1 

0.67 

2.17 

All 

352.6 

1244.1 

1.25 

2.76 

54.  The  ACI  Building  Code  318-90  gives  the  following  equation  for  the 
static  modulus  of  elasticity  (in  psi)  of  concrete: 


ECC=51000{WJ~C 


where  (f'c)t  is  the  compressive  strength  in  psi  at  time  t.  The  relationships 
between  modulus  of  elasticity  and  compressive  strength  for  both  mixtures  are 
shown  in  Figures  24  and  25.  These  data  indicate  that  a  relationship  exists 
between  compressive  strength  and  modulus  of  elasticity,  even  at  very  early 
time.  It  appears,  however,  that  over  the  time  period  from  time  of  final  set¬ 
ting  to  14  days,  this  relationship  may  not  be  well -represented  by  a  linear 
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function  in  the  modulus  of  elasticity-square  root  compressive  strength  plane. 
For  purposes  of  comparison,  the  ACI  318  equation  has  also  been  shown  in  Fig¬ 
ures  24  and  25.  Although  this  equation  was  not  intended  for  use  with  the 
independent  variable  as  any  value  other  than  the  28 -day  compressive  strength 
(f'c),  it  is  instructive  to  compare  the  results  from  the  equa  > .. .1  to  early- 
time  data.  As  can  be  seen  in  Figures  24  and  25,  the  ACI  318  equation  gener¬ 
ally  under  predicts  the  modulus  of  elasticity  at  early  times.  Therefore,  it 
appears  that  this  relationship  should  not  be  used  by  structural  analysts  to 
predict  modulus  of  elasticity  from  compressive  strength  at  ages  less  than  28 
days  for  mass  concretes. 

Creep  Data  and  Model  Predictions 

55.  For  both  of  the  concrete  mixtures,  composite  plots  are  shown  of 
specific  creep  versus  time  since  loading  from  the  creep  test  data,  the  ACI 
Equation,  the  Sinh-Double  Power  Law,  and  the  UMAT  Creep  Equation  for  all  five 
ages  of  loading.  These  plots  are  shown  in  Figures  26  through  35. 

56.  As  expected,  the  very  early  age  creep  tests  exhibit  the  greatest 
amount  and  rate  of  creep.  Mixture  A2  clearly  creeps  more  than  Mixture  All. 
This  was  expected  due  to  the  higher  water- cement  ratio  and  consequent  lower 
strength  and  modulus  of  A2  (W/C-0.60)  as  compared  to  All  (W/C=0.45).  All 
three  creep  models  agreed  with  this  general  behavior  at  all  ages  of  loading. 
However,  the  agreement  of  the  models  stops  at  this  point. 

57.  The  ACI  equation,  with  either  of  the  two  exponent  values  (0.6  or 
1.0),  grossly  underpredicts  creep  for  both  mixtures  at  all  ages  of  loading  for 
the  duration  of  the  test.  This  underprediction  can  be  attributed  to  the 
nature  of  the  test  data  from  which  the  ACI  equation  was  developed.  The  major¬ 
ity  of  test  data  use<_  in  developing  the  ACI  creep  equation  came  from  tests  on 
structural  concrete  loaded  at  later  ages.  The  emphasis  of  the  development  was 
to  provide  an  equation  by  which  long-term  structural  deflections  could  be 
calculated.  Because  of  this,  early-age  effects  were  not  considered  and  are 
not  adequately  modeled.  The  ACI  equation  performs  well  the  purpose  for  which 
it  was  intended;  however,  since  its  performance  at  early  ages  is  less  than 
desirable  the  following  discussions  of  test  data  will  primarily  address  the 
SDPL  and  UMAT  equations. 

58.  The  SDPL  and  UMAT  creep  predictions  for  the  18 -hour  tests  agreed 
with  the  general  form  of  the  data  for  both  mixtures .  The  SDPL  equation 
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clearly  overpredicted  the  creep  response  throughout  the  entire  18 -hour  test 
for  both  mixtures.  However,  the  SDPL  prediction  does  fellow  the  response  of 
mixture  All  more  closely  than  that  of  mixture  A2  for  the  18 -hour  test.  The 
UMAT  equation  produced  a  better  overall  prediction  of  the  18 -hour  tests  for 
both  mixtures.  During  the  early  times  after  application  of  load  the  UMAT 
equation  underpredicted  creep  response,  while  during  the  later  stages  of  the 
18 -hour  tests  the  UMAT  equation  overpredicted  creep  response  for  both 
mixtures . 

59.  The  UMAT  equation  produced  the  closest  prediction  of  creep  response 
for  1-day  test  on  both  mixtures.  Again,  the  SDPL  equation  overpredicted  creep 
for  the  majority  of  the  1-day  testing  period.  The  UMAT  equation  underpre¬ 
dicted  creep  response  for  the  first  portion  of  the  test  and  then  overpredicted 
creep  during  the  later  stages  of  the  test. 

60.  As  was  expected,  the  prediction  of  both  the  UMAT  and  SDPL  equations 
are  very  good  at  the  3-day  age  of  loading  for  both  mixtures.  The  equation 
constants  for  both  the  UMAT  and  SDPL  equations  were  determined  from  trial  and 
error  fits  to  the  test  data  at  the  3-day  age  of  loading.  The  trends  seen  in 
the  earlier  tests  are  still  evident  in  the  3-day  tests  for  both  mixtures.  The 
SDPL  equation  ovorpredicts  creep  response  during  the  early  test  stages  and 
very  closely  approximates  the  creep  response  during  the  later  stages  of  the 
3-day  tests  for  both  mixtures.  For  both  mixtures,  the  UMAT  equation  provides 
the  closest  prediction  with  a  minimal  amount  of  underprediction  at  early  times 
with  a  very  close  approximation  of  the  creep  response  during  the  later  stages 
of  the  3-day  tests. 

61.  The  predictions  of  both  the  UMAT  and  the  SDPL  equations  for  the 
7-6ay  and  the  14-day  tests  for  both  mixtures  exhibit  the  same  general  fea¬ 
tures.  The  UMAT  equation  predicted  the  greatest  amount  of  creep  for  both 
concrete  mixtures.  Both  equations  underpredicted  the  creep  response  of  mix¬ 
ture  A2  for  the  7-day  and  the  14-day  tests.  As  noted  earlier,  the  mixture  All 
7 -day  test  was  terminated  early  due  to  a  malfunction  of  the  test  device.  In 
general  the  predictions  of  both  equations  were  less  accurate  for  the  7 -day  and 
14-day  tests  than  for  the  earlier  ages  of  loading  for  both  concrete  mixtures. 
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Figure  21.  Compressive  strength  versus  age  for  mixture  All 
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Figure  22.  Elastic  modulus  versus  age  for  mixture  A2 
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Figure  26.  Comparison  of  test  data  and  creep  model  predictions 
18 -hour  test  on  mixture  A2 
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Figure  29.  Comparison  of  test  data  and  creep  model  predictions  from 
7-day  test  on  mixture  A2 
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Figure  33.  Comparison  of  test  data  and  creep  model  predictions  from 
3 -day  test  on  mixture  All 
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Figure  34.  Comparison  of  test  data  and  creep  model  predictions  from 
7 -day  test  on  mixture  All 
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CHAPTER  VI:  CONCLUSIONS  AND  RECOMMENDATIONS 


62.  The  rates  of  increase  in  compressive  strength  and  modulus  of  elas¬ 
ticity,  especially  in  the  first  few  days  after  placement,  are  critical  parame¬ 
ters  in  predicting  construction-related  cracking  in  mass  concrete  structures. 
In  addition,  the  removal  and  anchorage  of  formwork  depend  upon  the  early  age 
strength  gain  characteristics  of  the  concrete.  The  rate  of  development  of 
compressive  strength  and  modulus  of  elasticity  with  time  is  highly  dependent 
on  the  selection  of  materials  and  mixture  proportions.  Therefore,  early  age 
material  properties  tests  should  be  conducted  for  each  candidate  mixture  to 
determine  conformity  with  project  requirements.  Until  more  data  are  obtained, 
no  reliable,  universally  applicable  relationship  between  early  age  compressive 
strength  and  modulus  of  elasticity  is  known  to  exist.  Therefore,  early  age 
modulus  of  elasticity  tests  should  be  conducted  for  any  concrete  mixture  for 
which  it  is  an  important  parameter. 

63.  Since  there  are  major  differences  in  the  way  that  analysts  view 
creep  depending  on  whether  one's  interest  is  in  reinforced  concrete  or  mass 
concrete,  a  general  statement  about  which  model  is  best  is  not  possible.  If 
one's  interest  is  reinforced  concrete,  a  model  that  closely  overpredicts  creep 
response  would  provide  a  conservative  value  when  used  to  determine  overall 
long-term  deflections  or  loss  of  prestressing  force.  If  one's  interest  is 
mass  concrete,  a  model  that  underpredicts  creep  would  also  underpredict  the 
stress -relieving  properties  of  creep  and  provide  a  conservative  estimate  of 
thermal  stress  and  thermal -related  cracking  in  mass  concrete  structures. 

64.  In  mass-concrete  thermal- stress  analysis  the  early  ages  (less  than  3 
days)  are  more  critical  than  the  later  ages.  In  reinforced-concrete  analysis, 
the  primary  concern  is  with  ages  greater  than  28  days.  The  UMAT  equation 
yielded  the  most  conservative  and  the  closest  prediction  of  early  time  creep 
response.  The  UMAT  equation  may  also  be  expanded  with  additional  terms  to 
refine  the  response  predictions  of  the  model  if  a  particular  application 
required  additional  accuracy.  However,  an  increase  in  the  number  of  terms 
will  increase  the  difficulty  encountered  in  calibration  of  the  model  con¬ 
stants.  The  SDPL  equation  can  be  made  to  closely  predict  creep  response  at  a 
given  age  provided  that  the  equation  constants  are  determined  at  that  particu¬ 
lar  age  of  loading.  However,  the  SDPL  has  demonstrated  only  a  limited  ability 
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to  accurately  predict  creep  response  at  ages  of  loading  other  than  those  used 
for  calibration.  The  addition  of  an  aging  factor  similar  to  the  one  used  in 
the  UMAT  equation  should  be  developed  for  the  SDPL  in  order  to  make  it  a  more 
effective  analysis  tool. 

65.  Extreme  caution  should  be  used  when  applying  conventional  concrete 
material  models  to  mass  concrete  thermal-stress  analysis.  The  vast  differ¬ 
ences  between  structural  concrete  and  typical  mass  concrete  mixtures  will 
usually  -require  that  specially  developed  or  modified  models  be  used.  It 
should  also  be  noted  that  the  use  of  high  percentages  of  pozzolans  in  mass 
concrete  invalidates  most  of  the  suggested  values  that  ACI  recommends  for  use 
with  the  ACI  creep  equations.  No  universally-applicable,  constituent-based 
model  of  early-time  mass-concrete  creep  response  is  known  to  exist.  There¬ 
fore,  early- time  creep  tests  should  be  conducted  for  any  concrete  mixture  for 
which  it  is  an  important  parameter.  Models  such  as  the  SDPL  creep  equation 
and  the  UMAT  creep  equation  will  provide  rational  and  consistent  results  when 
properly  calibrated  and  verified  against  accurate  test  data. 
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APPENDIX  A 


CREEP  TEST  METHOD 


(Issued  I  Jun.  1989) 


C  54 


CR.D-C  54-89 


Designation:  C  512  -  87 


Standard  Test  Method  for 

Creep  of  Concrete  in  Compression1 

This  Kiodsrd  it  isewoi  under  the  filed  dcsie^ecioe  C512:  the  ausiber  inrarlrntty  Uc  dc*i«a*boo  ladacs les  the  yew  of 

orifiwJ  adopuoo  or.  mi  the  case  of  irwnoo.  the  yew  of  lest  miiio*.  A  aewbo  is  portwhese*  iadteate*  tie  yew  of  last  rnpprpvsL  A 
superscript  epuioa  (<)  isdacaies  is  adUoriil  d>a#c  user  the  last  revis>o«  or  rwpprovm). 


1.  Scope 

1.1  This  lest  method  covers  the  determination  of  the 
creep  of  molded  concrete  cylinders  subjected  to  sustained 
longitudinal  compressive  load.  This  test  method  is  limited  to 
concrete  in  which  the  maximum  aggregate  site  does  not 
exceed  2  in.  ($0  mm). 

1.2  The  values  slated  in  inch-pound  units  arc  to  be 
regarded  as  the  standard. 

1.3  This  standard  may  involve  hazardous  materials,  oper- 
aiions.  and  equipment.  This  standard  does  not  purport  to 
addrtss  alt  of  the  safety  problems  associated  with  its  use.  It  is 
the  responsibility  of  the  user  of  this  standard  to  establish 
appropriate  safely  and  health  practices  and  determine  the 
applicability  of  regulatory  limitations  prior  to  use. 

2.  Referenced  Documents 

2.1  ASTM  Standards: 

C  39  Test  Method  for  Compressive  Strength  of  Cylindrical 
Concrete  Specimens2 

C-192  Method  of  Making  and  Curing  Concrete  Test 
Specimens  in  the  Laboratory2 

C  470  Specification  for  Molds  for  Forming  Concrete  Test 
Cylinders  Vertically2 

C  617  Practice  for  Capping  Cylindrical  Concrete  Speci¬ 
mens2 

E  177  Practice  for  Use  of  the  Terms  Precision  and  Bias  in 
ASTM  Test  Methods 

2.2  American  Concrete  institute  (ACI).J 

Publication  SP-9  Symposium  on  Creep  of  Concrete 

3.  Significance  and  Use 

3.1  This  test  method  measures  the  load-induced  lime- 
dependent  compressive  strain  at  selected  ages  for  concrete 
under  an  arbitrary  set  of  controlled  environmental  condi¬ 
tions. 

3.2  This  lest  method  can  be  red  to  compare  creep 
potentials  of  different  concretes.  A  procedure  is  available, 
using  the  developed  equation  (or  graphical  plot),  for  calcu¬ 
lating  stress  from  strain  data  within  massive  non-reinfored 
concrete  structures.  For  most  specific  design  applications,  the 
test  conditions  set  forth  herein  must  be  modified  to  more 
closely  simulate  the  anticipated  curing,  thermal,  exposure. 
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and  loading  age  conditions  for  the  prototype  structure. 
Current  theories  and  effects  of  material  and  environmental 
parameters  are  presented  in  AC1  SP-9. 

3.3  In  the  absence  of  a  satisfactory  hypothesis  governing 
creep  phenomena,  a  number  of  assumptions  have  bets 
developed  that  have  been  generally  substantiated  by  test  and 
experience. 

3.3.1  Creep  ix  proportional  to  stress  from  0  to  49  %  of 
concrete  compressive  strength. 

3.3.2  Creep  has  been  conclusively  shown  to  be  directly 
proportional  to  paste  content  throughout  the  range  of  paste 
contents  normally  used  in  concrete.  Thus  the  creep  charac¬ 
teristics  of  concrete  mixtures  containing  aggregate  of  max¬ 
imum  size  greater  than  2  in.  (50  mm)  may  be  determined 
from  the  creep  characteristics  of  the  minus  2-in.  (minus 
50-mm)  fraction  obtained  by  wet-sieving.  Multiply  the  value 
Of  the  characteristic  by  the  ratio  of  the  cement  paste  content 
(proportion  by  volume)  in  the  full  concrete  mixture  to  the 
paste  content  of  the  sieved  sample. 

3.4  The  use  of  the  logarithmic  expression  (Section  S)  does 
not  imply  that  the  creep  strain-time  relationship  is  neces¬ 
sarily  an  exact  logarithmic  function;  however,  for  the  period 
of  one  year,  the  expression  approximates  normal  creep 
behavior  with  sufficient  accuracy  to  make  possible  the 
calculation  of  parameters  that  are  useful  for  the  purpose  of 
comparing  concretes. 

3.5  There  arc  no  data  that  would  support  the  extrapola¬ 
tion  of  the  results  of  this  test  to  tension  or  torsion. 

t 

4.  Apparatus  * 

4.1  Molds— Molds  shall  be  cylindrical  conforming  to  the 
general  provisions  of  2.1  of  Method  C  l92andtothesped& 
provisions  of  2.2.1  or  2.2.3  of  Method  C  192,  whichever  it 
applicable;  or  to  the  provisions  of  Specification  C470.  If 
required,  provisions  shall  be  made  for  attaching  gage  studi 
and  itucrla,  and  for  affixing  integral  bearing  plates  to  the 
ends  of  the  specimen  as  it  is  cast. 

4.1. 1  Horizontal  molds  shall  conform  to  the  genen) 
requirements  of  2.1  of  Method  C  192  and  to  the  specific 
provisions  of  2.2.3  thereof.  A  horizontal  mold  that  h* 
proven  satisfactory  is  shown  in  Fig.  I. 

4.2  Loading  Frame,  capable  of  appiying  and  maintained 
the  required  load  on  the  specimen,  despite  any  change  in  the 
dimension  of  the  specimen.  In  its  simplest  form  the  loidinf 
frame  consists  of  header  plates  bearing  on  the  ends  of  the 
loaded  specimens,  a  load-maintaining  element  that  may  be 
either  a  spring  or  a  hydraulic  capsule  or  ram,  and  threaded 
rods  to  take  the  reaction  of  the  loaded  system.  Beam* 
surfaces  of  the  header  plates  shall  not  depart  from  a  plane  If 
more  than  0.001  in.  (0.025  mm).  In  any  loading  frame 
several  specimens  may  be  sucked  for  simuluneous  loadirg 
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The  length  between  header  plates  shall  not  exceed  70  in. 
11780  mm).  When  a  hydraulic  load-maintaining  element  is 
vied,  several  frames  may  be  loaded  simultaneously  through  a 
central  hydraulic  pressure-regulating  unit  consisting  of  an 
accumulator,  a  regulator.  indicating  fifes,  and  a  source  of 
high  pressure,  such  as  a  cylinder  of  nitrogen  or  a  high* 
pressure  pump.  Springs  such  as  railroad  car  springs  may  be 
vied  to  maintain  the  load  in  frames  similar  to  those 
described  above;  the  initial  compression  shall  be  applied  by 
•cans  of  a  portable  jack  or  testing  machine.  When  springs 
art  used,  care  should  be  taken  to  provide  a  spherical  head  or 
ball  Joint,  and  end  plates  rigid  enough  to  ensure  uniform 
loading  of -the  cylinders.  Figure  2  shows  an  acceptable 
sfriog4oadcd  frame.  Meant  shall  be  provided  for  measuring 
the  load  to  the  nearest  2  %  of  total  applied  load.  This  may  be 
a  permanently  installed  hydraulic  pressure  gage  or  a  hy¬ 
draulic  jack  and  a  load  cell  inserted  in  the  frame  when  the 
load  is  applied  or  adjusted. 

4.3  Sirain-Meajurinj  Device — Suitable  apparatus  shall  be 
provided  for  the  measurement  of  longitudinal  strain  in  the 
specimen  to  the  nearest  10  millionths.  The  apparatus  may  be 
embedded,  attached,  or  portable.  If  a  portable  apparatus  is 
used,  gage  points  shall  be  attached  to  the  specimen  in  a 
positive  manner.  Attached  gages  relying  on  friction  contact 
are  aot  permissible.  If  an  embedded  device  is  used,  it  shall  be 
sauated  so  that  its  strain  movement  occurs  along  the 
longitudinal  axis  of  the  cylinder.  If  external  devices  are  used, 
strains  shall  be  measured  on  not  less  than  two  gage  lines 
spaced  uniformly  around  the  periphery  of  the  specimen.  The 
gages  may  be  instrumented  so  that  the  average  strain  on  all 
gage  lines  can  be  read  directly.  The  effective  gage  length  shall 
be  at  least  three  times  the  maximum  size  of  aggregate  in  the 
concreie.  The  strain-meiiuring  device  shall  be  capable  of 
measuring  strains  for  at  least  I  year  without  change  in 
calibration. 

Non  I  — 5rx<mi  in  which  the  **cyift<  uniu  ire  c© rtouti  with  a 
rort;u»t-kifi)i  tu Mini  bar  irt  wondered  non  rtUibk.bui  aabooded 
rteonwi  strut  figes  us  Mtidicsory. 


5.  TeatSpadmcM 

5.1  Specimen  Size— The  diameter  of  each  specimen  shall 
be  6  ±  '/»*  in.  (or  150  ±  1.6  mm),  and  the  length  dial!  be  at 
least  I \*h  in.  (292  mm).  When  the  ends  of  the  specimen  are 
in  contact  with  steel  bearing  plates,  the  specimen  length  shall 
be  at  least  equal  to  the  gage  length  of  the  strain-measuring 
apparatus  plus  the  diameter  of  the  specimen.  When  the  ends 
of  the  specimen  are  in  contact  with  other  concrete  sped  me  as 
similar  to  the  test. specimen,  the  specimen  length  Ml  be  at 
least  equal  to  the  gage  length  of  the  strain-measuring 
apparatus  plus  I  'A  in.  (38  mm).  Between  the  test  specimen 
and  the  tted  bearing  plate  at  each  end  of  a  stack,  a 
supplementary  a  on  instrumented  cylinder  whose  diameter  is 
equal  to  that  of  the  test  cylinders  and  whose  length  is  at  least 
half  its  diameter  shall  be  installed. 

5.2  Fabricating  Specimens — The  maximum  sue  of  aggre¬ 
gate  shall  not  exceed  2  in.  (50-mra)  (Section  3).  Vertically 
cast  cylinders  shall  be  fabricated  in  accordance  with  the 
provisions  of  Section  5  of  Method  C  192.  The  ends  of  each 
cylinder  shall  meet  the  planeness  requirements  of  1.2  of 
Practice  C  617  (Note  2).  Horizontally  cast  specimens  shall  be 
consolidated  by  the  method  appropriate  to  the  consistency  of 
the  concrete  as  indicated  in  5.4.1  of  Method  C  192.  Care 
mutt  be  taken  to  ensure  that  the  rod  or  vibrator  does  not 
strike  the  strain  meter.  When  vibration  is  used,  the  concrete 
shall  be  placed  in  one  layer  and  the  vibrating  element  shall 
not  exceed  l*/«  in.  (32  mm)  in  dismcter.Wbcn  rodding  is 
used,  the  concreie  shall  be  placed  in \wo  approximately  equal 
layers  and  each  layer  shall  be  rodded  25  times  evenly  along 
each  side  of  the  strain  meter.  After  consoHdatioa  the 
concrete  shall  be  struck  o!T  with  trowd  or  float  then 
trowelled  the  minimum  amount  to  form  the  concrete  in  the 
opening  concentrically  with  the  rest  of  the  specimtn.  A 
template  curved  in  the  radius  of  the  specimen  may  be  used  as 
a  stnkeofT  to  shape  and  finish  the  concrete  more  precisely  in 
the  opening.  When  cylinders  are  to  be  stacked,  lapping  of 
ends  k  strongly  recommended. 

Nora  J-*h»Wi»«u  for  pImimm  n*r  be  wt  by  uppifg 
Uopias.  or.  M  the  tine  of  wain*.  Citing  tar  e*k  via  burnt  piliirt 
aonnoMo  the  nil  of  the  cykodcr. 
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5.3  Number  of  Specimens— No  fewer  than  six  specimens 
(Note  3)  shall  be  made  from  a  given  batch  or  concrete  for 
each  test  condition:  two  shall  be  tested  for  compressive 
strength,  two  shall  be  loaded  and  observed  for  total  deforma¬ 
tion.  and  two  shall  remain  unloaded  for  use  as  controls  to 
indicate  deformations  due  to  causes  other  than  load.  Each 
strength  and  control  specimen  shall  undergo  the  same  curing 
and  storage  treatment  as  the  loaded  specimen. 

Note  3— It  is  recommended  that  specimens  be  tested  in  tnplicate 
allhou|h  duplicate  specimens  are  acceptable. 

6.  Curing  and  Storage  of  Specimens 

6.1  Standard  Curing — Before  removal  from  the  molds, 
specimens  shall  be  stored  at  73.4  ±  3.0'F  (23.0  i:  1.7’C)  and 
covered  to  prevent  evaporation.  The  specimens  shall  be 
removed  from  the  molds  not  less  than  20  nor  more  than  48 
h  after  molding  and  stored  in  a  moist  condition  at  a 
temperature  of  73.4  ±  3.0'F  until  the  age  of  7  days.  A  moist 
condition  is  that  in  which  free  water  is  maintained  on  the 
surfaces  of  the  specimens  at  all  times.  Specimens  shall  not  be 
exposed  to  a  stream  of  running  water  nor  be  stored  in  water. 
After  the  completion  of  moist  curing  the.spccimcns  shall  be 
stored  at  a  temperature  of  73.4  ±  2.0‘F  (23.0  ±  l.l'CJand  at 
a  relative  humidity  of  50  ±  4  %  until  completion  of  the  test. 

6.2  Basic  Creep  Curing—  If  it  is  desired  to  prevent  the 
gain  or  loss  of  water  during  the  storage  and  test  period, 
specimens  shall  at  the  lime  of  fabrication  or  stripping  be 
enclosed  and  sealed  in  moistureproof  jackets  (for  example, 
copper  or  butyl  rubber)  to  prevent  loss  of  moisture  by 
evaporation  and  shall  remain  sealed  throughout  the  period  of 
storage  and  testing. 

6.3  Variable  Curing  Temperature  Regimen— When  it  is 
desired  to  introduce  the  effect  of  temperature  on  the  elastic 
and  inelastic  properties  of  a  concrete  (as.  for  example,  the 
adiabatic  temperature  conditions  existing  in  massive  con¬ 
crete  or  temperature  conditions  to  which  concrete  is  sub¬ 
jected  during  accelerated  curing),  temperatures  within  (he 
specimen  storage  facility  shall  be  controlled  to  correspond  to 
the  desired  temperature  history.  The  user  shall  be  responsible 
for  establishing  the  time-temperature  history  to  be  followed 
and  the  permissible  range  of  deviation  therefrom. 

6.4  Other  Curing  Conditions — Other  lest  ages  and  am¬ 
bient  storage  conditions  may  be  substituted  when  informa¬ 
tion  is  required  for  specific  applications.  The  storage  condi¬ 
tions  shall  be  carefully  detailed  in  the  report. 

7.  Procedure 

7.1  Age  at  Loading— When  the  purpose  of  the  test  is  to 
compare  the  creep  potential  of  different  concretes,  initially 
load  the  specimens  at  an  age  of  28  days.  When  the  complete 
creep  behavior  of  a  given  concrete  is  desired,  prepare  the 
specimens  for  initial  loading  in  the  following  ages:  2.  7.  28. 
and  90  days,  and  I  year.  If  information  is  desired  for  other 
ages  of  loading,  include  the  age  in  the  report. 

7.2  Loading  Details— Immediately  before  loading  the 
creep  specimens,  determine  the  compressive  strength  of  the 
strength  specimens  in  accordance  with  Test  Method  C  39,  At 
the  time  unsealed  creep  specimens  are  placed  in  the  loading 
frame,  cover  the  ends  of  the  control  cylinders  to  prevent  loss 
of  moisture  (Note  4).  Load  the  specimens  at  an  intensity  of 
not  more  than  40  H  of  the  compressive  strength  at  the  age  of 


loading.  Take  strain  readings  immediately  before  and  after 
loading.  2  to  6  h  later,  then  daily  for  I  week,  weekly  until  the 
end  of  I  month,  and  monthly  until  the  end  of  I  year.  Before 
taking  each  strain  reading,  measure. the  load.  If  the  load 
varies  more  than  2  %  from  the  correct  value,  it  must  be 
adjusted  (Note  5).  Take  strain  readings  on  the  control 
specimens  on  the  same  schedule  as  the  loaded  specimens. 

Note  4— In  placing  creep  specimens  in  the  frame,  take  care  ia 
aligning  the  specimens  to  avoid  eecenme  loading.  When  cylinders  an. 
sucked  and  external  sages  arc  used,  it  may  be  helpful  to  apply  a  soul 
preload  such  that  the  rcsulunl  stress  does  not  exceed  200  psi  (1380  kPi) 
and  note  the  strain  variation  around  each  specimen,  after  which  the  load 
may  be  removed  and  the  specimens  realiancd  for  greater  stnie 
uniformity. 

Norr  3— Where  springs  are  used  to  nainuin  the  load,  the 
adjustment  can  be  accomplished  by  applying  Use  comet  load  and 
tightening  the  nuts  on  the  threaded  reaction  sods. 

8.  Calculation 

8.1  Calculate  the  total  load-induced  strain  per  pound  per 
square  inch  (or  kilopascal)  at  any  time  as  the  difference 
between  the  average  strain  values  of  the  loaded  and  control 
specimens  divided  by  the  average  stress.  To  determine  creep 
strain  per  pound-force  per  square  inch  (or  kilopascal)  for  any 
age.  subtract  from  the  total  load-induced  strain  per  pound- 
force  per  square  inch  (or  kilopascal)  at  that  age  the  strain  pier 
pound-force  per  square  inch  (or  kilopascal)  immediately 
after  loading.  If  desired,  plot  total  strain  per  pound-force  per 
square  inch  (or  kilopascal)  on  scmilog  coordinate  paper,  on 
which  the  logarithmic  axis  represents  time,  to  determine  the 
constants  ME  and  FVO  for  the  following  equation: 

<-(l/£)  +  fK)liXi  +  I) 

where: 

«  -  total  strain  psi  (or  kPa). 

F.  ■  instantaneous  elastic  modulus,  psi  (or  kPa). 

F\K\  *  creep  rate,  calculated  as  the  slope  of  a  straight  line 
representing  the  creep  curve  on  the  semilog  plot, 
and 

/  «  lime  after  loading,  days. 

The  quantity  l/£  is  the  initial  elastic  strain  per  pound  per 
square  inch  (or  kilopascal)  and  is  determined  from  the  strait 
readings  taken  immediately  before  and  after  loading  the 
specimen.  If  loading,  was  not  accomplished  expeditiously, 
some  creep  may  have  occurred  before  the  after-loading  strait 
was  observed,  in  which  event  extrapolation  to  zero  time  by 
the  method  of  least  squares  may  be  used  to  determine  that 
quantity. 

9.  Report 

9.1  The  report  shall  include  the  following: 

9.1.1  Cement  content,  water-cement  ratio,  maximum  ag¬ 
gregate  size,  slump,  and  air  content. 

9.1.2  Type  and  source  of  cement,  aggregate,  admixture; 
and  mixing  water  (if  other  than  fresh  water  is  used). 

9.1.3  Position  of  cylinder  when  cast. 

9.1.4  Storage  conditions  pnor  to  and  subsequent  to  load¬ 
ing. 

9.1.5  Age  at  time  of  loading. 

9.1.6  Compressive  strength  at  age  of  loading. 

9.1.7  Type  of  strain  measuring  device. 

9.1.8  Magnitude  of  any  preload. 
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9.1.9  Intensity  of  applied  load. 

9.1.10  Initial  elastic  strain. 

9.1.1 1  Creep  strain  per  pound  per  square  inch  tor  kilo- 
pascal)  at  designated  ages  up  to  I  year,  and 

9.1.12  Creep  rale.  f\K).  if  determined. 

III.  Precision  and  Bias 

10. 1  Precision— The  single-operalor-balch  precision  has 
mvn  found  to  be  ±4.0  %  (RiS  %).  and  the  single-operalor- 
multi-batch  precision  has  been  found  to  be  ±9.0  %  IRIS  %). 


as  defined  in  Practice  E  177.  o\er  the  range  of  creep  strains 
from  250  to  2000  millionths:  therefore,  the  results  of 
properly  conducted  tests  of  duplicate  cylinders  from  a  single 
batch  should  agree  within  6  %  of  the  average  of  the  two.  and 
the  results  of  properly  conducted  tests  of  duplicate  cylinders 
from  different  batches  should  agree  within  13  9i  of  the 
average  of  the  two. 

10.2  lliu t — This  test  method  has  no  bias  because  the 
values  determined  can  only  be  defined  in  terms  of  the  test 
method. 
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path  nphu  i'vj  no  role  at  ofiiyamn  or  oien  iqm.  aro  aoreoy  trm  own  rooponoewry. 


r«  oiwviwa  «  »o0;«  roiwwon  or  onyim  ey  mo  roooonwon  roc  n™co(  amviwtoo  iw  <ono*»<r»>wy  <»•>♦«  »xr 

nna  rtimoe.  ovw  roappratwi  or  win* ton.  raw  ctyrmwri  m  trend  hi  rnOAXi  or  rw  Hhhtia  a  lor  toot  Ota  miocaoi 

•Otf  «x*r  o.  odor.^  lo  ASfU  noooovonon.  row  coovnonu  »w  roewvo  coroAe  eorwowwour  *  nwor»v  or  wo  roowvwow 
rocrmcor  conmrrto.  wrwn  row  mor  ofww.  *  yov  (oor  mw  yow  comnww  novo  nor  rocoAod  o  r*v  r»w*v  ,ou  wmwo  pow 

mows  onown  loroo  ASrJUConwvnoo  onSundaror,  I9IS  Boer  S.  fftWOotn*  fA  HIM. 


72 


APPENDIX  B 

COMPRb,  A  STRENGTH  TEST  METHOD 


73 


(Issued  1  Mar.  1987) 


C  14 


CRD-C  14-87 


Designation:  C  39  -  96" 


A/rwrtaan  Aaaooato^  St*W 
t+QhwMf  end  VrwKporfXWi  OMpM  Sundartf 
AASHTO  NO-  T  22 


AMERICAN  SOCIETY  FOR  TESTING  AND  MATERIALS 

1816  n«c«  St..  PtirfttfcMu*.  P*.  19*03 
R«pwo<#<J  lr om  th«  Awiud  Book  oi  ASTM  StAWferd*.  Copyright  ASTM 
II  not  li»kKl  in  ih*  curram  combined  inoa*.  wtK  »ppa*f  in  ID#  runl  •dil»on. 


Standard  Test  Mattiod  for 

COMPRESSIVE  STRENGTH  OF  CYLINDRICAL  CONCRETE 
SPECIMENS1 

Thu  standard  is  issued  under  ihc  fixed  designation  C  39:  the  number  i-nni  i  siely  foliowing  the  designation  indicate*  the  year  of 
original  adoption  or.  in  the  case  of  revision,  the  year  of  last  revision.  A  number  in  parentheses  indicate*  the  year  of  list  rcapprovaJ. 
A  superscript  epsilon  <<)  indicates  an  cdilorul  change  since  the  last  revision  or  reapproval. 

This  mr/Ate/  has  Arm  approved  for  use  by  ajfendes  of  the  Department  of  Defer my  and  for  Utw if  in  the  DoD  Index  of  Specifications 
and  Standards 

11  Non—  Editorial  change*  were  made  throughout  in  June  1986. _ _  /' 


1.  Scope 

I .  I  This  lest  method  covers  determination  of 
compressive  strength  of  cylindrical  concrete  spec¬ 
imens  such  as  molded  cylinders  and  drilled  cores. 
It  is  limited  to  concrete  having  a  unit  weight  in 
excess  of  50  lb/ftJ  (800  kg/m1). 

1.2  The  values  stated  in  inch-pound  units  are 
to  be  regarded  as  the  standard. 

1 .3  This  standard  may  involve  hazardous  ma¬ 
terials.  operations,  and  equipment.  This  standard 
does  not  purport  to  address  all  of  the  safely  prob¬ 
lems  associated  with  its  use.  It  is  the  responsibil¬ 
ity  of  whoever  uses  this  standard  to  consult  and 
establish  appropriate  safety  and  health  practices 
and  determine  the  applicability  of  regulatory  limi¬ 
tations  prior  to  use. 

2.  Applicable  Documents 

2: 1  ASTM  Standards: 

C3I  Method  of  Making  and  Curing  Concrete 
Test  Specimens  in  the  Field2 

C  42  Method  of  Obtaining  and  Testing  Drilled 
Cores  and  Sawed  Beams  of  Concrete2 

C  192  Method ofMakingandCuhngConcrcte 
Test  Specimens  in  the  Laboratory2 

C6I7  Practice  for  Capping  Cylindrical  Con¬ 
crete  Specimens2 

C  873  Test  Method  for  Compressive  Strength 
of  Concrete  Cylinders  Cast  in  Place  in  Cy¬ 
lindrical  Molds2 

E  4  Practices  for  Load  Verification  of  Testing 
Machines2 

E  74-Practicc  for  Calibration  of  Force- Measur¬ 


ing  Instruments  for  Verifying  the  Load  In¬ 
dication  ofTcsting  Machines1 

2.2  Other: 

Manual  of  Aggregate  and  Concrete  Testing 

3.  Summary  of  Method 

3.1  This  test  method  consists  of  applying  a 
compressive  axial  load  to  molded  cylinders  or 
cores  at  a  rate  which  is  within  a  prescribed  range 
un'il  failure  occurs.  The  compressive  strength  of 
the  specimen  is  calculated  by  dividing  the  maxi¬ 
mum  load  attained  during  the  test  by  the  cross- 
sectional  area  of  the  specimen. 

4.  Significance  and  Use 

4.1  Care  must  be  exercised  in  the  interpreta¬ 
tion  of  the  significance  of  compressive  strength 
determinations  by  this  test  method  since  strength 
is  not  a  fundamental  or  intrinsic  property  of 
concrete  made  from  given  materials.  Values  ob¬ 
tained  will  depend  on  the  size  and  shape  of  the 
specimen,  batching,  mixing  procedures,  the 
methods  of  sampling,  molding,  and  fabrication 
and  the  age.  temperature,  and  moisture  condi¬ 
tions  during  curing. 

4.2  This  test  method  may  be  used  to  deter- 

‘  this  lest  melhixl  u  under  ihe  junsdvnoit  of  4STM  Com¬ 
muter  0-9  o.  lorwrwr  and  Concrete  Aggregates  \i  Ibe 
ditecirrspnnstl.’ilils  of  Subn>r»mitlceCU9.U3  01  on  Methods  of 
leuic*  loflcrcif  tor  Strength. 

Current  edition  appro-ed  March  37.  1986.  Published  Ma> 
1480.  Originally  published  as  C  39  -  21  T  Iasi  previous  edition 
C  39  -  84. 

1 Annual  Btttd.  <>/  ASr.St  Sluni/ird 1  V'nl  04,03. 

1 Annual  Bi.4  oJ:4STS4  Standards.  Vol  0. t  01 
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mine  compressive  strength  of  cylindrical  speci¬ 
mens  prepared  and  cured  in  accordance  with 
Methods  C  31,  C 42,  and  C  192,  Practice  C6I7. 
and  Test  Method  C  873. 

4.3  The  results  of  this  teal  method  may  be 
used  as  a  basis  for  quality  control  of  concrete 
proportioning,  mixing,  and  placing  operations; 
determination  of  compliance  with  specifications; 
control  for  evaluating  effectiveness  of  admixtures 
and  similar  uses. 

5.  Apparatus 

5.1  Testing  Machine — The  testing  machine 
shall  be  of  a  type  having  sufficient  capacity  and 
capable  of  providing  the  rates  of  loading  pre¬ 
scribed  in  7.5. 

5.1.1  Verification  of  calibration  of  the  test¬ 
ing  machines  in  accordance  with  Practices  E  4  is 
required  under  the  following  conditions: 

5.1.1. 1  After  an  elapsed  interval  since  the 
previous  verification  of  1 8  months  maximum, 
but  preferably  after  an  interval  of  12  months, 

5. 1.1.2  On  original  installation  or  relocation 
of  the  machine, 

5.1. 1.3  Immktialely  after  making  repairs  or 
adjustments  which  may  in  any  way  affect  the 
operation  of  the  weighing  system  or  the  values 
displayed,  except  for  zero  adjustments  that  com¬ 
pensate  for  the  weight  of  tooling,  or  specimen,  or 
both,  or 

5. 1.1. 4  Whenever  there  is  reason  to  doubt 
the  accuracy  of  the  results,  without  regard  to 
the  time  interval  since  the  last  verification. 

5.1.2  Design — The  design  of  the  machine 
must  include  the  following  features: 

5.1.2. 1  The  machine  must  be  power  operated 
and  must  apply  the  load  continuously  rather 
than  intermittently,  and  without  shock.  If  it  has 
only  one  loading  rate  (meeting  the  require¬ 
ments  of  7.5),  it  must  be  provided  with  a  sup¬ 
plemental  means  for  loading  at  a  rate  suitable 
for  verification.  This  supplemental  means  of 
loading  may  be  power  or  hand  operated. 

5. 1 .2.2  The  space  provided  for  test  specimens 
shall  be  large  enough  to  accommodate,  in  a  read¬ 
able  position,  an  elastic  calibration  device  which 
is  of  sufficient  capacity  to  cover  the  potential 
loading  range  of  the  testing-machine  and  which 
complies  with  the  requirements  of  Practices  E  74. 

Note  I— The  type  of  elastic  calibration  device  ttkjsi 
generally  available  and  most  commonly  used  for  this 
purpose  is  the  circular  proving  ring. 

5.1.3  Accuracy — The  accuracy  of  the  testing 

machine  shall  be  in  accordance  with  the  follow¬ 


ing  provisions; 

5.13.1  The  percentage  of  error  for  tbe  loads 
within  the  proposed  range  of  use  of  tbe  testing 
machine  shall  not  exceed  ±1.0%  of  the  indi¬ 
cated  load. 

5.1  JT  The  accuracy  of  the  testing  machine 
shall  be  verified  by  applying  five  test  loads  in 
four  approximately  equal  increments  in  as¬ 
cending  order.  Tbe  difference  between  any  two 
successive  test  loads  shall  not  exceed  one  third  of 
the  difference  between  the  maximum  and  mini¬ 
mum  test  loads. 

5. 1.3.3  The  test  load  as  indicated  by  the  test¬ 
ing  machine  and  the  applied  load  computed  Iron 
the  readings  of  the  verification  device  shall  be 
recorded  at  each  test  point  Calculate  the  error. 
E.  and  tbe  percentage  of  error,  Ef,  for  each  point 
from  these  data  as  follows: 

E,  =  JOOpr  -  m/B 

where: 

A  ->  load.  Ibf  (or  N)  indicated  by  the  machine 
being  verified,  and 

B  —  applied  load.  Ibf  (or  N)  as  determined  by 
the  calibrating  device. 

5. 1.3.4  The  report  on  the  verification  of  a 
testing  machine  shall  stale  within  what  loading 
range  it  was  found  to  conform  to  specification 
requirements  rather  than  reporting  a  blanket 
acceptance  or.  rejection.  In  no  case  shall  tbe 
loading  range  be  stated  as  including  loads  be¬ 
low  the  value  which  is  100  times  the  smallest 
change  of  load  that  can  be  estimated  on  tbe 
load-indicating  mechanism  of  the  testing  ma¬ 
chine  or  loads  within  that  portion  of  the  range 
below  10  %  of  the  maximum  range  capacity. 

5.1.3.5  In  no  case  shall  the  loading  range  be 
stated  as  including  loads  outside  the  range  of 
loads  applied  during  the  verification  test. 

5. 1.3.6  The  indicated  load  of  a  testing  ma¬ 
chine  shall  no*,  be  corrected  cither  by  calcula¬ 
tion  or  by  the  use  of  a  calibration  diagram  to 
obtain  values  within  the  required  permissible 
variation. 

5.2  The  testing  machine  shall  be  equipped 
with  two  steel  bearing  blocks  with  hardened  faces 
(Note  2).  one  of  which  is  a  spherically  scaled 
block  that  will  bear  on  the  upper  surface  of  the 
specimen,  and  the  other  a  solid  block  on  which 
the  specimen  shall  rest.  Bearing  faces  of  the 
blocks  shall  have  a  minimum  dimension  a!  least 
3  %  greater  than  the  diameter  of  the  specimen  to 
be  tested.  Except  for  the  concentric  circles  dc- 
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scribed  be  tow,  (be  bearing  faces  shall  not  depart 
from  a  plane  by  more  than  0.001  in.  (0.025  mm) 
in  any  6  in.  <  1 32  mm)  of  blocks  6  in.  in  diameter 
or  larger,  or  by  more  than  0.001  in.  in  the  di- 
ameter  of  any  smaller  block;  and  new  blocks 
shall  be  manufactured  within  one  half  of  this 
tolerance.  When  the  diameter  of  the  bearing  faoe 
of  the  spherically  seated  block  exceeds  the  di¬ 
ameter  of  the  specimen  by  more  than  Vi  in.  (13 
nun),  concentric  circles  not  more  than  '/u  in. 
(0.8  mm)  deep  and  not  more  than  VU  in.  (1.2 
mm)  wide  shall  be  inscribed  to  facilitate  proper 
centering. 

Note  2— It  is  desirable  that  the  bearing  faces  of 
blocks  used  for  compression  testing  of  concrete  have  a 
Rockwell  hardness  of  not  less  than  33  HRC. 


3.2.1  Bottom  bearing  blocks  shall  conform  to 
the  following  requirements: 

5.2.1. 1  The  bottom  bearing  block  is  Specified 
for  the  purpose  of  providing  a  readily  machinable 
surface  for  maintenance  of  the  specified  surface 
conditions  (Note  3).  The  top  and  bottom  surfaces 
shall  be  parallel  to  each  other.  The  block  may  Be 
fastened  to  the  platen  of  the  testing  machine.  Its 
least  horizontal  dimension  shall  be  at  least  3  % 
greater  than  the  diameter  of  the  specimen  to  be 
tested.  Concentric  circles  as  described  in  5.2  are 
optional  on  the  bottom  block. 

5.2. 1.2  Final  centering  must  be  made  with 
reference  to  the  upper  spherical  block.  When  the 
lower  bearing  block  is  used  to  assist  in  centering 
the  specimen,  the  center  of  the  concentric  rings, 
when  provided,  or  the  center  of  the  block  itself 
must  be  directly  below  the  center  of  the  spherical 
head.  Provision  shall  be  made  on  the  platen  of 
the  machine  to  assure  such  a  position. 

5.2. 1.3  The  bottom  bearing  block  shall  be  at 
least  1  in.  (25  mm)  thick  when  new,  and  at  least 
0.9  in.  (22.5  mm)  thick  after  any  resurfacing 
operations. 

Note  3— Jf  the  testing  machine  is  so  designed  that 
the  platen  itself  can  be  readily  maintained  in  the  spec¬ 
ified  surface  condition,  a  bottom  block  is  not  required. 


5.2.2  The  spherically  seated  bearing  block 
shall  conform  to  the  following  requirements: 

5.2.2. 1  The  maximum  diameter  of  the  beari  ng 
face  of  the  suspended  spherically  seated  block 
shall  not  exceed  the  values  gi ven  below: 


Diameter  of 
7nt  Specimen*, 
in.  (mm) 


Maiimum  Diameter 
of  Bari  nf  Face, 
in.  (mm) 


2(31)  4(102) 

3(76)  5(127) 


Diameter  of 
Ten  Specimen*. 
U.  (mm) 


Minimum  Diameter 
of  Beanas  face, 
in.  (men) 


4(102)  «<ttl«S) 

6(152)  10(234) 

1(203)  1 1(279) 

Note  4 — Square  bearing  facts  are  penmiauble,  pro¬ 
vided  the  diameter  of  the  largest  poasbte  inscribed  circle 
does  not  exceed  the  above  diameter. 


5.2.2.2  The  center  of  the  sphere  shall  coincide 
with  the  surface  of  the  bearing  Ike  within  a 
tolerance  of  ±5  %  of  the  radius  of  the  sphere. 
The  diameter  of  the  sphere  shall  be  at  least  75  % 
of  the  diameter  of  the  specimen  to  be  tested. 

5.2.2.3  The  ball  and  the  socket  must  be  so 
designed  by  the  manufacturer  that  the  steel  in 
the  contact  area  does  not  permanently  deform 
under  repeated  use,  with  loads  up  to  12  000  psi 
(82.7  MPa)  on  the  test  specimen. 

Note  5— The  ptefened  contact  ana  is  in  the  form 
of  a  ring  (dev.ribsd  as  preferred  "bearing'"  area)  as 
shown  on  Fig.  t. 

5.2.2.4  The  curved  surfaces  of  the  socket  and 
of  the  spherical  portion  shall  be  kept  clean  and 
!  hall  be  lubricated  with  a  petroleum-type  oil  such 
as  conventions)  motor  oil,  not  with  a  pressure 
type  grease.  After  contacting  the  specimen  and 
application  of  small  initial  load,  fotthcr  tilting  of 
the  spherically  seated  block  is  not  intended  and 
is  undesirable. 

5.2.2. 5  If  the  radius  of  the  sphere  is  smaller 
than  the  radius  of  the  largest  specimen  to  be 
tested,  the  portion  of  the  bearing  face  extending 
beyond  the  sphere  shall  have  a  thickness  not  less 
than  the  difference  between  the  radius  of  the 
sphere  and  radius  of  the  specimen.  The  least 
dimenjiou  of  the  bearing  face  shall  be  at  least  as 
great  as  the  diameter  of  the  sphere  (see  Fig.  1). 

5.2.Z.6  The  movable  portion  of  the  bearing 
block  shall  be  held  closely  in  the  spherical  seat, 
but  the  design  shall  be  such  that  the  bearing  face 
can  be  rotated  freely  and  tilled  at  least  4*  in  any 
direction. 

5.3  Load  Indication: 

5.3.1  If  the  load  of  a  compression  machine 
used  in  concrete  testing  is  registered  on  a  dial, 
the  dial  shall  be  provided  with  a  graduated  scale 
that  can  be  read  to  at  least  the  nearest  1>.  I  of 
the  full  scale  load  (Note  6).  The  dial  shall  be 
readable  within  I  %  of  the  indicated  load  at  any 
given  load  level  within  the  loading  range.  In  no 
case  shall  the  loading  range  of  a  dial  be  consid¬ 
ered  to  include  loads  below  the  value  that  is  100 
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limes  the  smallest  change  of  load  that  can  be 
read  on  the  scale.  The  scale  shall  be  provided 
with  a  graduation  line  equal  to  zero  and  so 
numbered.  The  dial  pointer  shall  be  of  sufficient 
length  to  reach  the  graduation  marks;  the  width 
of  the  end  of  the  pointer  shall  not  exceed  the 
clear  distance  between  the  smallest  graduations. 
Each  dial  shall  be  equipped  with  a  zero  adjust¬ 
ment  that  is  easily  accessible  from  the  outside  of 
the  dial  case,  and  with  a  suitable  device  that  at 
all  times  until  reset,  will  indicate  to  within  1  % 
accuracy  the  maximum  load  applied  to  the  spec¬ 
imen. 

Note  6— As  close  as  can  reasonably  be  read  is  con¬ 
sidered  to  be  ’/so  in.  (0.5  mm)  along  the  arc  described 
by  the  end  of  the  pointer.  Also.'one  half  of  a  scale 
interval  is  about  as  close  as  can  reasonably  be  read 
when  the  spacing  on  the  load  indicating  mechanism  is 
between  '/is  in.  (I  mm) and  '/it  in.  (1.6  mm).  When  the 
spacing  is  between  '/»  in.  and  '/>  in.  (3.2  mm),  one  third 
of  a  scale  interval  can  be  read  with  reasonable  certainty. 
When  the  spacing  is  '/«  in.  or  more,  one  fourth  of  a 
scale  interval  can  be  read  with  reasonable  certainty. 

5.3.2  If  the  testing  machine  load  is  indicated 
in  digital  form,  the  numerical  display  must  be 
large  enough  to  be  easily  read.  The  numerical 
increment  must  be  equal  to  or  less  than  0.10  % 
of  the  full  scale  load  of  a  given  loading  range,  in 
no  case  shall  the  verified  loading  range  include 
loads  less  than  the  minimum  numerical  incre¬ 
ment  multiplied  by  100.  The  accuracy  of  the 
indicated  load  must  be  within  1.0  %  for  any  value 
displayed  within  the  verified  loading  targe.  Pro¬ 
vision  must  be  made  for  adjusting  to  indicate 
true  zero  at  zero  load.  There  shall  be  provided  a 
maximum  load  indicator  that  at  all  times  until 
reset  will  indicate  within  l  %  system  accuracy 
the  maximum  load  applied  to  the  specimen. 

6.  Specimens 

6.1  Specimens  shall  not  be  tested  if  any  indi¬ 
vidual  diameter  of  a  cylinder  differs  from  any 
other  diameter  of  the  same  cylinder  by  more 
than  2  %, 

Note  7 — This  may  occur  when  single  use  molds  are 
damaged  or  deformed  during  shipment,  when  flexible 
single  use  molds  are  deformed  during  molding  or  when 
a  core  drill  deflects  or  shifts  during  drilling. 

6.2  Neither  end  of  compressive  test  specimens 
when  tested  shall  depart  from  perpcndicu/anly 
to  the  axis  by  more  lhan  0.5*  (approximately 
equivalent  to  1/8  in.  in  12  in.  (3  mm  in  300 
mm)).  The  ends  of  compression  test  specimens 
that  are  not  plane  within  0.002  in.  (0.050  mm) 


shall  be  capped  in  accordance  with  Practice 
C  617  or  they  may  be  sawed  or  ground  to  meet 
that  tolerance.  The  diameter  used  for  calculating 
the  cross-sectional  area  of  the  test  specimen  shall 
be  determined  to  the  nearest  0.0 1  in.  (0.25  mm) 
by  averaging  two  diameters  measured  at  right 
angles  to  each  other  at  about  midheight  of  the 
specimen. 

6.3  The  number  of  individual  cylinders  mea¬ 
sured  for  determination  of  average  diameter  may 
be  reduced  to  one  for  each  ten  specimens  or  three 
specimens  per  day,  whichever  is  greater,  if  all 
cylinders  are  known  to  have  been  made  from  a 
single  lot  of  reusable  or  single-use  molds  which 
consistently  produce  specimens  with  average  di¬ 
ameters  within  a  range  of  0.02  in.  (0.51  mm). 
When  the  average  diameters  do  not  fall  within 
the  range  of  0.02  in.  or  when  the  cylinders  are 
not  made  from  a  single  lot  of  molds,  each  cylin¬ 
der  tested  must  be;mcasured  and  the  value  used 
in  calculation  of  the  unit  compressive  strength  of 
that  specimen.  When  thediameters  are  measured 
at  the  reduced  frequency,  the  cross-scciional 
areas  of  all  cylinders  tested  on  that  day  shall  be 
computed  from  the  average  of  the  diameters  of 
the  three  or  more  cylinders  representing  the 
group  tested  that  day. 

6.4  The  length  shall  be  measured  to  Ihc 
nearest  0.05  D  when  the  length  to  diameter 
ratio  is  less  than  1.8.  or  more  than  2.2,  or  when 
the  volume  of  the  cylinder  is  determined  from 
measured  dimensions. 

7.  Procedure 

7.1  Compression  tests  of  moist-curcd  speci¬ 
mens  shall  be  made  as  soon  as  practicable  after 
removal  from  moist  storage. 

7.2  Test  specimens  shall  be  kept  moist  by 
any  convenient  method  during  the  period  be¬ 
tween  removal  from  moist  storage  and  testing. 
They  shall  be  tested  in  the  moist  condition. 

7.3  All  test  specimens  for  a  given  test  age 
shall  be  broken  within  the  permissible  time 
tolerances  prescribed  as  follows: 


Te»l  A  pc 

Permissible  Tolerance 

24  h 

x  0,5  h  or  2  1  If 

3  days 

2  b  or  2.8  ri 

1  daw 

6  h  or  3.6  % 

2iilay> 

20  h  or  J.0  r. 

90  days 

1  days  2.2  % 

7.4  Placing  the  Specimen — Place  the  plain 
(lower)  bearing  block,  with  its  hardened  face 
up,  on  the  table  or  platen  of  the  testing  machine 
directly  under  the  spherically  seated  (upper) 
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bearing  block.  Wipe  clean  the  bearing  faces  of 
the  upper  and  lower  bearing  blocks  and  of  the 
test  specimen  and  place  the  test  specimen  on 
the  lower  bearing  block.  Carefully  align-  the 
axis  of  the  specimen  with  the  center  of  thrust 
of  the  spherically  seated  block.  As  the  spheri¬ 
cally  seated  block  is  brought  to  bear  on  the 
specimen,  rotate  its  movable  portion  gently  by 
hand  so  that  uniform  seating  is  obtained. 

7.5  Rale  of  Loading— Apply  the  load  contin¬ 
uously  and  without  shock, 

7.5.1  For  testing  machines  of  the  screw  type, 
the  moving  head  shall  travel  at  a  rate  of  approx¬ 
imately  0.05  in.  ( 1 .3  mm)/min  when  the  machine 
is  running  idle.  For  hydraulically  operated  ma¬ 
chines.  the  load  shall  be  applied  at  a  rate  of 
movement  (platen  to  crosshead  measurement) 
corresponding  to  a  loading  rate  on  the  specimen 
within  the  range  of  20  to  50  psi/s  (0.T4  to  0.34 
MPa/s).  The  designated  rate  of  movement  shall 
be  maintained  at  least  during  the  latter  half  of 
the  anticipated  loading  phase  of  the  testing  cycle. 

7.5.2  During  the  application  of  the  first  half 
of  the  anticipated  loading  phase  a  higher  rate  of 
loading  shall  he  permitted. 

7.5.3  Make  no  adjustment  in  the  rate  of  move¬ 
ment  of  the  platen  at  any  lime  while  a  specimen 
is  yielding  rapidly  immediately  before  failure. 

7.6  Apply  the  load  until  the  specimen  fails, 
and  record  the  maximum  load  carried  by  the 
specimen  during  the  test.  Note  the  type  of 
failure  and  the  appearance  of  the  concrete. 

8.  Calculation 

8.1  Calculate  the  compressive  strength  of 
the  specimen  by  dividing  the  maximum  load 
carried  by  the  specimen  during  the  test  by  the 
average  cross-sectional  area  determined  as  de¬ 
scribed  in  Section  6  and  express  the  result  to  the 
nearest  10  psi  (69  kPa). 

8.2  If  the  specimen  length  to  diameter  ratio  is 
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less  than  1.8,  correct  the  result  obtained  in  8.1 
by  multiplying  by  the  appropriate  correction  fac¬ 
tor  shown  in  the.  following  table: 

L/D:  1,75  1.50  1.35  1.00 

Factor  0.48  0.46  0,9.1  O.H7lNote8l 

Non  8 — These  collection  factors  apply  to  light¬ 
weight  concrete  weighing  between  100  and  120  Ib/fl* 
(1600  and  1920  kg/m’l  and  to  normal  weight  concrete. 
They  are  applicable  to  concrete  dry  or  soaked  at  the 
lime  of  loading.  Values  not  given  in  the  table  shall  be 
determined  by  interpolation.  The  correction  factors  are 
applicable  for  nominal  concrete  strengths  from  2000  to 
6000  psi  (13.8  to  41.4  MPa). 

9.  Report 

9. 1  The  report  shall  include  the  following: 

9.1.1  Identification  number. 

9.1.2  Diameter  (and  length,  if  outside  the 
range  of  1 .8D  to  2.2 D).  in  inches  or  millimetres. 

9.1.3  Cross-sectiona)  area,  in  square  inches 
or  square  centimetres. 

9.1.4  Maximum  load,  in  pounds-force  or 
newtons. 

9.1.5  Compressive  strength  calculated  to  the 
nearest  10  psi  or  69  kPa. 

9.1.6  Type  of  fracture,  if  other  than  the  usual 
cone  (see  Fig.  2), 

9. 1.7  Defects  in  either  specimen  or  caps.  and. 

9.1.8  Age  of  specimen. 

10.  Precision 

1 0.1  The  precision  of  this  test  method  has  not 
yet  been  determined,  but  Jala  arc  being  collected, 
and  a  precision  statement  will  be  included  when 
it  is  formulated.4 


1  Ste  ••Concrete  Slicngth  m  Structures- '  by  D.  L.  Bloein. 
Ad  Journal  March  1968.  especially  TaMe  5.  p.  115.  for 
possible  guidance  as  to  the  level  or rcproduciblityor  concrete 
strength  measurements  that  may  be  expected. 
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Non—  Provinos  ahai  be  made  (or  holding  the  bdi  a*  Ike 
socket  tod  Tor  bolding  the  eatirc  aait  ia  tie  testing  machine. 

nc.  I  Sch—rilr  Sketch  «<«  Sph.rii.1  hearty 
Nodi 


- A 

/ 

/ 

A 

/  \ 

i _ i 

Cooe  Cone  tod  Split  Coot  tod  Shear  Shear 

(»)  <b)  <c)  (d) 


/ 

/ 

/ 

/ 


m 

m 

m 

m 

m 

I 

m 

1 

I 

H 

m 

H 

A 

/  \ 


Columnar 

l«) 


FIG.  2  Sketches  of  Types  of  Fracture 
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1.  The  Carlson  strain  meter  (or  gage)  is  in  the  general  form  of  a  long 
cylinder  with  anchors  on  the  end  to  engage  the  surrounding  concrete.  Within 
the  flexible  brass  cover  tube,  a  steel  framework  supports  porcelain  spools 
around  which  are  wound,  under  100,000-psi  tension,  two  equal  coils  of 
0.0025-in.  diameter  steel  music  wire.  A  schematic  drawing  of  a  Carlson  strain 
meter  is  shown  in  Figure  36. 
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2.  The  instrument  is  designed  to  take  advantage  of  two  electrical  prop¬ 
erties  of  steel  wire:  resistance  of  the  wire  varies  directly  with  temperature 
and  with  the  tension  on  the  wire.  When  the  ends  of  the  strain  meter  are 
pulled  apart  by  an  expansion  in  concrete,  the  outer  or  expansion  coil  elon¬ 
gates  and  increases  in  tension  and,  consequently,  in  resistance  as  well.  At 
the  same  time,  the  inner  or  contraction  coil  decreases  in  resistance  as  it 
shortens.  The  ratio  of  the  resistance  of  the  expansion  coil  to  the  resistance 
of  the  contraction  coil,  which  at  all  times  is  very  near  unity,  is  used  as  a 
sensitive  measure  of  length  change  in  the  strain  meter.  A  typical  meter 


usually  calibrates  to  about  4  millionths  of  an  inch  per  inch  per  0.01  percent 
change  in  ratio.  Resistance  ratio  changes  are  not  affected  by  simultaneous 
temperature  changes  of  the  wire  since  the  temperature  change  affects  both 
coils  by  an  equal  percentage. 

3.  Temperature  is  measured  by  taking  the  sum  of  the  resistance  of  the 
expansion  and  contraction  coils.  This  sum  is  not  affected  materially  by  vari¬ 
ation  in  resistance  due  to  length  changes,  as  these  plus  and  minus  values  very 
nearly  cancel  each  other  in  the  sum.  The  resistance  of  the  miniature  meter  is 
about  60  ohms  at  72°F,  and  increases  about  1  ohm  for  every  9°F  rise  in  temper¬ 
ature.  A  correction  of  6.7  millionths  of  an  inch  per  inch  for  each  1°F  change 
of  temperature  must  be  made  for  the  expansion  of  the  strain  meter  frame. 

Actual  calibration  data  are  provided  for  each  instrument. 

Measurement  Technique- -Wheatstone  Bridge 

4.  Strains  are  determined  in  the  Carlson  strain  meter  by  a  measurement 
of  the  resistance  change  in  the  expansion  and  contraction  coils.  There  is  a 
direct  relation  between  the  resistance  change  and  the  strain  of  the  coils  of 
the  meter.  This  strain  is  measured  with  a  data  acquisition  unit  that  employs 
the  Wheatstone  bridge  technique  in  a  balanced  configuration  as  shown  in  Fig¬ 
ure  37.  Two  of  the  four  arms  required  to  make  up  the  bridge  circuit  are  in 
the  meter  itself.  The  other  two  arms  are  in  the  data  acquisition  unit. 

5.  Each  coil  in  a  new  meter  will  be  approximately  equal  in  resistance. 
It  can  be  assumed  without  error  that  each  arm  is  equal  in  resistance  and  that 
any  subsequent  strain  after  placement  in  concrete  will  cause  the  expansion  arm 
to  increase  by  the  amount  of  AR  and  simultaneously  produce  a  decrease  of  AR  in 
the  contraction  arm.  Later  calculations  will  show  the  miniature  meter  to  have 
a  gage  factor  of  about  6.  This  means  that  the  percentage  change  in  resistance 
(AR/R  x  100)  is  six  times  the  percentage  change  in  the  length  of  the  meter 
(AL/L  x  100).  In  contrast,  a  bonded  SR-4  strain  gage  has  a  factor  of  about  2. 

Factory  Calibration  Constants 


6.  Two  calibration  constants  are  given  on  the  factory  calibration 
sheet.  One  is  the  relationship  of  strain  to  the  least  reading  and  the  other 
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the  relationship  of  the  resistance  change  with  temperature.  Typical  calibra¬ 
tion  constants  for  the  SM-4  meter  are  8. 18  microstrains/least  reading  and 
12.27°F/ohm.  Also,  the  resistance  of  the  meter  is  given  on  the  calibration 
sheet  for  a  temperature  of  0°F.  It  is  then  possible  to  calculate  the  tempera¬ 
ture  for  any  known  resistance  or  vice  versa  [12]. 
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TEST  SET 


Figure  37 .  Electrical  schematic  of  Carlson  meter  setup 
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APPENDIX  D 
CREEP  TEST  DATA 
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Strain,  millionths 


Compressive  Creep  Tests. on  Mixture  42 
18--Hour  Tests,  Total  Recorded  Strains 


0  10  20  30  40  50  60  70  00 

Time  Since  Beginning  of  Tests,  Days 


Figure  38.  Creep  test  data  from  18-hour  test  on  mixture  A2 


Strain,  millionths 


Compressive  Creep  Tests  on  Mixture  A2 
7-Day  Tests,  Total  Recorded  Strains 


Figure  41.  Creep  test  data  from  7 -day  test  on  mixture  A2 
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Strain,  millionths 


Compressive  Creep  Tests  on  Mixture  A2 
14-Day  Tests,  Total  Recorded  Strains 


Figure  42.  Creep  test  data  from  14-day  test  on  mixture  A2 
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Compressive  Creep  Tests  on  Mixture  All 
1-Day,  Total  Recorded  Strains 


0  5  10  15  20  25  30 

Time  Since  Beginning  of  Tests,  Days 


Figure  44.  Creep  test  data  from  1-day  test  on  mixture  All 
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pressive  Creep  Tests  on  Mixtu 
-Day  Tests,  Total  Recorded  St 


Compressive  Creep  Tests  on  Mixture  A2 
Control  Cylinders,  Total  Recorded  Strains 
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